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V, ABSTRACT

A comprehensive theoretical model for ignition of composite solid propel-
lants was proposed as a framework for formulating ignition models for differ-
ent propellants under a wide range of operating conditions.

Detailed chemical kinetics inlormation for the AP/PBAA propellants was
incorporated into the proposed theoretical model for ignition of composite
solid propellants, enabling a more complete description of sour.:e terms in
the gas-phase energy and species equations. Solid-phase energy equations
were coded and implemented on a compute-. Numerical solutions of the solid-

phase subprogram were succe:sfully checked against analytic solutions for
some limiting cases,. Using actual measured heat flux near the propellant
surface as an input to the solid-phase equations, predictions for the ignition
delay time were made.

Effects of pressurization rate, crack-gap width, and igniter-flame
tempera-ure on the ignition of AP-based composite solid propellants located
at the tip of an inert crack were studied. The ignition process was observed
by using a high-speed camera (-40,000 pictures/s) and a fast-response photo-
diode system. Heat flux to the propellant surface was measured with a thin-
film heat-flux gage.

A bright luminous zone behind the reflected compression wave was observed
hon rates. It is believed that this luminous zone is

caused by the combustion of unreacted species or particles from the igniter
system. Experimental results indicate that the ignition delay time decreases
and the heat flux to the propellant surface increases as the pressurizationI rate is increased. No distinguishable effect of the crack-gap width on the
ignition process was evident. Limited results obtained by using an aluminized
propellant as the igniter show that the ignition delay time is somewhat lower
for higher flame temperature igniter gases. Theoretical predictions employ-
ing the solid-phase equations are in reasonable agreement with experimental

:• •. data.

The decrease in ignition delay with increasing pressurization is caused
by enhanced heat feedback to the propellant surface at higher pressurization
rates This augmentation in heat feedback to the propellant at higher
pressic-ffization is a result of a combination of the following mechanisms:
heating due to compression-wave reflection at the closed end; heat transfer
due to recirculating hot gas near the tip; heat release due to combustion of
unreacted igniter species (or particles) near the tip, behind the compression
wave; and increase in temperature of the gas adjacent to the propellant sur-
face due to continued pressurization of the crack cavity.
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r. INTRODUCTION

This report summarizes progress made during the period August 1, 1980 to

July 31, 1981, under the project entitled "Transient Ignition Mechanisms of

Confined Solid Propellants under Rapid Pressurization" (Contract No. N00014-79-C-

0762).

The overall objective of this investigation is to achieve a better under-

standing of ignition and flame-spreading processes of a soiid propellant under

rapidly varying pressure conditions. These fundamental studies are expected

to help in the design of solid rocket motors and in the reduction of haza*is

caused by convective burning and deflagration-to-d, tonation transition (DDT)

processes. The research includes both experimental and theoretical studies of

solid propellant ignition. Specific objectives of this project are:

1. To formulate a comprehensive ignition model for composite solid

propellants;

2. To observe the detailed ignition phenomenon and to measure the

ignition delay and instantaneous heat flux to the propellant sample

surface;

3. To study the effect of pre-surization rate (dP/dt), igniter gas

temperature (Tf), and propellant type on ignition delay; and

4. To predict the ignition delay, using measured values of heat

flux to the propellant sample surface, ,and to compare calculated

and measured values.

Prior to formulating the ignition model, an extensive literature survey

was conducted. Details of this survey were included in our last annual report,
2

and were also presented at the AIAA 16th Joint Propulsion Conference. Theoretical

and experimental work performed, and major results obtained during this reporting J
period, appear in Sections II to IV.
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The foliowing is a list of papers3-8 published during the past year under

the support of this contract. Copies of these publications are included in the

Appendices.

1. "Combustion - Structural Interaction in a Viscoelastic Material,"

Proceedings of the Symposium on Computational Methods in Nonlinear

Structural and Solid Mechanics, Washington, D.C., NASA CP-2147,

Oct. 1980, pp. 67-90 (by T. Y. Chang, J. P. Chang, M. Kumar, and

K. K. Kuo).

2, "Effect of Propellant Deformation on Ignition and Combustion Processes

in Solid Propellant Cracks," Proceedings of the .980 JANNAF Propulsion

Systems Hazards Subcommittee Meeting, Monterey, CA, CPIA Publication

330, Dec. 1980, pp. 203-238 (by M. Kumar and K. K. Kuo).

3. "Improved Prediction of Flame Spreading During Convective Burning in

Solid Propellant Cracks,' Seventh Symposium (International) on

Detotiation, Annapolis, MD, Preprint Vol. 1, June 1981, pp. 104-114

(by S. H. Kovacic, M. Kumar, and K. K. Kuo).

4. "Flame Propagation and Combustion Processes in Solid Propellant Cracks,"

AIAA Journal, Vol. 19, May 1981, pp. 616-618 (by M. Kumar, S. M. Kovacic,

and K. K. Kuo).

S. "A Comprehensive Ignition Model for Composite Solid Propellants," to

be presented at the 18th JANNAF Combustion Meeti.ag, Pasadena, CA,

Oct. 19-23, 1981 (by A. K. Kulkarni, M. Kumar, and K. K. Kuo).

6. "Iivestigation of Composite Propellant Ignition under Rapid Pressuri:a-

tion," to be presented at the 18th JANNAF Combustion Meeting, Pasadena,

CA, Oct. 19-23, 1981 (by J. E. Wills, M. Kumar, A. K. Kulkarni, M. Hund,

and K. K. Kuo).
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II. THEOVETICAL WORK

2.1 Ignition Model for AP/PBAA Propellant

A comprehensive model was formulated in order to study ignition of the composite

XP/PBAA propellant under rapid pressurization conditions. The detailed mathematical

description of this model was reported in the last annual report. 1 A brief summLry

of the formulation of the model is given below to facilitate discernment of further

developments and solution procedures.

The model describes the ignition process for an AP-base, composite propellant.

To make the problem mathematically tractable, a typical oxidizer crystal is considered

to be embedded in a fuel binder in the configuration shown in Fig. 1. Dimensions of

the fuel mnd oxidizer are determined by statistical averaging of the bulk of com-

posite AP/PBAA propellant. The model considers two-dimensiorkal axisymmetric geometry,

includes the effect of sudden pressurization in the surrounding region, and makes

no a p4ioAi assumption concerning the site of ignition. The model allows ignition

to occui in any region (gas phase, solid phase, or interface) by considering surface.

subsurface, and gas-phase chemical reactions. Governing heat equations for the oxi-

dizer and the fuel binder in the solid phase are

Oxidizer: p c a 2 2T k O 3 fio"'" [xsko s + -- + +_"="A=_Oxzs 2 Cx,s ar2 r Tr xJ,(s

u eL + k2TF+ + s LT]
F,s F,s k, a z2 Dr at 2  r ar F Fs (2)

where q- + ofqox,~ s Ox, raciation qox, photochemical + ox, pyrolysis"" )

q Ox, r .ý., ation T TOxGC$Oxe a S Ux z

li
Ox, photochemical fOx zQOx p •Ox dA (see Ref. 9) (5) A

and Z"yl " - Z ee fOx,pyrolysis Ox'py Q ox'py exp(-E Ox,py /R uT) (see Ref. 9) (6)
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Initial and boundary conditions for the solid phase (fuel and oxidizer) are

at t = 0 T(O,r,z) T (7)

IT
on r =0 T- 0 (8)

IT 0
on r =R 2  0 (9)

at the solid-gas interface, z • z
s-g

k Ti R kg T izs + gG esEks 3z Zsg + aszgb

13-g Is-g us

+ rbPsT(cps -C ) + " (10)
bs S pg 9 s-g

at z=- 4
k _T kox, s a.L * a'- t GeOX (11)

ak, z L =z -k x-F 4 Ox-P Ox

TIz=- Tz - (12)

at r = R1

"kFs 1R -k ox,- s 7r R1 ÷ -F (13)

TirRl÷= T (14)
Ir + Ir =R"

at z oo - T T. (15)1

Governing equations for the gas phase are

Continuity Eq:

+a 0
at + Vz 0  (16)

Energy Eq:

DT IT PIF 1 • ,a IT • a IT
Cpp P PCV T(k + =t (17)Cppggp~zaz 3t r r (k r r)+a(k 1 )+""'
P g -----
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Species Eq:

Pg + PgVz T r (rDpg -- ) + (18)

where j = 1, 2, 3, or 4 (for the gas phase species: Oxidizer,
NH3 , HCU 04, and Fuel)

Equation of State:

Pg Pg(PT) (19)

The momentum equation is replaced by a measured pressure-time trace near the

propellant surface.

Initial and 'boundary conditions for the gas phase are

at t 0 v v(20)z Z'i

at t 0 : T(0,r,z) -T (21)

at t 0 : YJ -Yi (22)

aT

on r 0 L- 0 (23)

on r 0 0 -0 (24)

ýT
on r R 0 (25S2 3

on r-R 2  : 0 (26)

on Z - Z sg P vz p s rb (27)gs

on z - Tj - TI - (28)
Zs-g+ s-g-

on z - P: g v z Y - P vY - (29)

1n z.-"•, 1 Te g T ) (

on----.-.- Z 0- -T- -T-cý)(0



2.2 Reaction Kinetics of AP/PBAA Propellants

Five chemical reactions are considered for this family of propellants, viz.,

exothermic degradation of solid AP particle into oxidizer ga3es; dissociative

sublimation of AP into NH3 and HC1O 4 ; reaction between premixed NH3 and HClO 4

gases; fuel py.olysis; and diffusion flame resulting from chemical reaction

between oxidizer and fuel gases to form produsts. Detailed reaction steps for

th• AP/PBAA propellants are given in Table 1. The sixth reaction shown at the

bottom of Table 1 represents the heterogeneous reaction between the fuel vapor

and solid oxidizer. However, this reaction is not considered in the current model

because no data is presently available.

Table 1 Reaction Steps for AP/PBAA Propellant

Chemical Reactions Reaction

Considered in Mathematical Model Appears in
k 1

1. APOX B.C.
(s) ExothermiE (g)

Degradation

k
2. AP Dissoeiative NH + HCZO B.C.

Sublimation (g)

3. NH3 + 3riQe - OX Gas Phase Eq.
(9) (g) A/PA Reaction

k4

= 4. PBMAA ylyi Fuel~ B.C.

: . i

k
5. OX(g) + Fuel(g) Diffusion Products(g) Gas Phase Eq.

- lame

6. FuelVg AP HProducts B.C.
(g) (s)Heterogeneous

Reaction

---------------------------------------------
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A specific reaction rate k is given by the Arrhenius expression

k * ~ ~E/RT (1

Typical values for the above chemical kinetic constants, together with the

sources, are present~ed in Table 2.

2.3 N~umerical Solution of a Simplified Case

A simplified case of the generali~ed model described above was solved initially.

Instead of using calculated heat feedback from the gas-phase equations, measured

heat flux to the propellant surface was used as an input to the solid-phase heat

equation.

There are several advantages in obtaining a partial solution to the generalized

model. Since the heat flux is measured at a location adjacent to the prcpellant

surface, it provides realistic values of heat feedback to the propellant surface,

even for such a complex physical situation. The simplified model, that considers

only solid-phase equations and employs measured heat feedback to the propellant 2

surface, will yield reasonably accurate values of ignition delays. Because

solutions to several limiting cases of the solid phase equations are well docu-

mented, results obtained from the simplified model will make it simpler to

independently check the numerical solution procedure for the solid-phase portion

of the complete model. The detailed solution metki~od for the solid-phase governing

equations, and comparisons with some analytic results to limiting cases, are

given in the following subsections. It should be noted that even though the

major advantage of the partial solution is its simplicity, results thus obtained

depend upon experimental determination of the heat flux, which is expensive

and not always feasible. Therefore, solution of the complete model (both

solid- and gas-phase equations) is essential for detailed prediction of the

ignition process.
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2.3.1 Numerical Scheme

A finite difference scheme was used for the numerical solution of solid-phase

equations. A schematic of the grid system in r and ý coordinates is shown in

Fig. 2. The following features have been incorporated into the numerical solu-

tion procedure for improved accuracy, faster convergence, and reduced computation

costs.

i) Variable mesh size

ii) Central difference scheme to approximate the spatir! derivatives

iii) Generalized Crank-Nicolson representation of the ihite-difference

equations

iv) Quasilinearization of the inhnmogereýous or source terms.

A successive overrelaxation iterative scheme was used to solve the resulting set

of simultaneous algebraic equations.

Figure 3 shows a stencil diagram for a general node (I, J, K). As indicated

by the arrows, calculation of variables at the new time step, ioe., at (I, J,

K÷1), is influenced by all nodes surrounding the node (I, J, Kel),as well as

those surrounding the node (I, J, K). Finite difference expressions for various

derivatives are given below. Here, 8 is the Crank-Nicolson parameter.

K -K+ TK

3T 'T Kj lJ (32)
-t a AtIJ

2TK - 2 T + T TK- 2 T + T
2T T 8 l÷J alJ T JJ + (l - TI+lJ TI2 j + KI

2 a 2 (A Y 2 (A Y " (33)

e2T 2T K+6 TK+l 2-K÷l K÷l K K K

"2 e - + (I - e) TIJ+I " 2 TI T
* IJ (ArIj) '(Ar) 2

K÷8 T K+l K+l TK KK
1 2T 1 ;T I,J+l IJ + ( ) -T+) IIlJ+l (3S)
r 3r r Ir J "-F 2,j(r 2Ar)

IJ _ n

"__.. ....... .. . j • ,• ,••• ••: -• , , :••;,,-



R 2 SURFACE HEAT FLUX

~1 m uu~urnurr - r(J)

L OXIDIZER

FUEL BINDER LA..]

ADIABATIC WALLS ~ I

Fig. 2 finite Difference Grid for Solid Phase
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2.3.2 Procedures Used in Checking Numerical Solution

Three major checks were made on computed solutions. First, numerical results

were compared with the analytic solution for the simple case of a semi-infinite

homogeneous solid ut uniform initial temperature, with constant external heat

flux starting ,%t t a 0. Comparison of calculated and analytic distribution of

temperature within the solid at various times was excellent (see Fig. 4a). Surface

temperature-time history values were also very close (see Fig. 4b). In the second

check, a global-energy balance was made. The total energy iiput from outside

at various time steps was within the acceptable error limits of the net increase

of internal energy obtained from computed temperature distributions. The third

check involved energy balance in elemental volumes around some arbitrarily chosen

nodes. The local energy balance also showed excellent agreement.

2.4 Golution of the Complete Model

Governing equations, as outlined in section 2.1, represent a set of transient,.

second-order, coupled, inhomogeneous, nonlinear partial differcntial equations.

An exact analytic solution of this set of equations is not possible, and approxi-

mate solution methods employing asymptotic expansion or similarity do not appear

to be very useful. For a complete solution, therefore, the numerical method

is used. Several key steps of the solution procedure tre briefly described in

the foilowing subsections.

2.4.1 Coordinate Transformation

Since the mathematical domain in z-direction is infinite, it was transforoed

into a finite region using the transformation given below. This transformation

also makes possible a finer grid size near the propellant surface in the real

spatial coordinate, where large temperature gradients exist, while using a uniform

grid in the transformed coordinate. This transformation alleviates the instability

I
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associated with nonuniform grid spacing, which would have been necessary for the

z coordinate. The following exponential coordinate transformation is employed

in the gas phase.

s - 1 - exp (-Az)

1 In (I - s) (36)or, z a--•i(l

This gives

Z s s a 1 (37)

z - 0 =s - o (38)

* A (1 - s) (39)

a2  2 2 42 2 4Az (.I - ..... .4 .1 (40)

aBs 2 2s

Note: The r axis remains unchanged.

The transformd, gas-phase, governing equations •

Continuity Eq.

a.ap a( v)z
A-+ A (1 - s) s 0 (41)

Energy Eq.

aT 4T )Pc pg - gCpVzA(1 - s) s-i -l-

1 a aT aT
S (kr + A (I s) [rk A (1- s)

(42)
Species Eq. (j a 1, 2, 3, 4)

aY. Y 1 aY. . ,,,9g WL + P p vzA (1- s) --- 7 r (rDPp- ra) +'j (43)

All boundary conditions remain unchanged except the mass balance of individual

species at the interface eq. (29):

on s s : vY aVY .
3-8 g js-g tgzj3 s-g+ s

-"~ ~77
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2.4.2 Modeling of Source Terms

In order to solve the governing equations, sotnr-e terms (q" •" "', and wý'
g j j

must be expressed as functions of other variables and known parameters. In

modeling the source terms, it is implicitly assumed that the rate-controlling

reactions are single-step and irreversible. It is further assumed that the

reaction rate constant has Arrhenius dependence on local temperature.

If the gas-phase mass fractions, YI. Y2, Y3, Y4, Y5, represent the oxidizer,

ammonia, perchloric acid, fuel, and products, respectiveiy, the source terms can

be expressed as follows.

=Z3 P0 Y YIexp (-E 3/RuT)
1 Z3 WW-- 3g 23T3

Z I p2 YY4 exp (-Es/R T) (4S)

s W,4 1 14 S u

Ito- z3 I pg Y2Y 3 Y exp (-E3 /RuT) (46)

W3
'3 = 2 W (47)w2

fit4 = 2P pg Y Y4 exp (-Es/RuT) (48)

"=" 2 +"AH * '"AH5) (49)
g 23 4 5

Aihere AH3 is the heat of reaction per unit mass of ammonia for reaction 3, and AH Sl

is the heat of reaction per unit mass of fuel for reaction S. Other source terms

are evaluated in a similar fashion. It should be noted that the reaction rate

expression for reaction 3 is taken from Guirao and Williams. 1 4

A quasilinearization technique was used to linearize the inhomogeneous (or .5

source) tert.s of the governing equations. To illustrate the quasilinearization

proeedure, F(T, Y.j represents an inhomogeneous term of the governing equations.

Using the Taylor series expansion technique, F at any time k + 8 is evaluated in

- , .. , •. -. -- . . . . . . , - W •':• : ~'- L , -2' 2 .-r-':-• ,



13

the following manner:

kF. k+k+ k D k k F k
F Fk T + (Yj -Y-'•. (so)

ffii 3.1

k+e6 k~l kwhere for any variable U, U eu + (1-e) Uk. The partial derivatives of F

are obtained analytically.

It should be noted that for the five species considered in the model, only

three species equations have to be solved independently. This is the case since

species 2 and 3, i.e., ammonia and perchloric acid, can be shown to have identical

governing equation and boundary conditions. Mass fraction of products Y5 is

obtained from the following algebraic relation.

4
Y5 =Z1 - E Y. (51)j=l13

The finite difference representation of the gas-phase equations is very

similar to that of the solid-phase equations. As noted earlier, the coordi.nate

transformation in the gas phase allows one to use uniform grid size in the trans-

formed coordinates, thereby bypassing some of the instabilities associated with

nonuniform grid spacing. A general layout of the computation procedure is given

in Fig. S. First, a temperature and species mass-fraction distribution is

assumed in the entire region for the new time step. Since the pressure is known,

the density is easily computed from equation of state using the assumed temperatures.

The continuity equation is then integrated to obtain vz at each node point. The

gas-phase energy equation is then solved using an iterative procedure. Because

the species equation for Y2 is independent of the mass fractions of other species,

it is integrated first to obtain the new value of Y2 " Species equations for Y

and Y are then solved iteratively to obtain mass fractions of fuel and oxidizer.

Using the new values of mass fractions, the energy equation is solved again to

obtain gas-phase temperature, until both temperature and mass fractions converge.

' .'+ , .. +, . ... . +.•+-+-•+'m .. *1','++• +, • - ++ " -"-, ,+
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From the gas-phase temperature distribution, heat flux to the propellant surfaceA

is computed, and the solid-phase heat equations are solved. The solid-gas interface

temperatures thus calculated are used as the new boundary conditions to solve the

gas-phase equations again. This procedure is repeated until the solid-gas

interface temperatures at a given time step converge.

VA
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III. EXPERIMENTAL WORK

3.1 Test Apparatus

The test apparatus was designed to obtain high-temperature, high-pressure

gases, which closely simulate conditions in an actual rocket motor. Pressuriza-

tioxn rates obtained in this setup are close to those encountered before the onset

of transition to detonation. A solid-propellant igniter system was used to obtain

the hot-gas composition similar to that in actual zucket motors. Using this

apparatus, it is possible to obtain pressures up to SO MPa (-7,000 psi), and

pressurization rates in the order of 100 GPa/s (-106 atm/s).

Figure 6 shows a schematic of the igniter system, consisting of electric

primer (FA 874) and its housing unit; booster propellant and booster nozzle;

solid propellant igniter charge and igniter chamber; and multiperforated exit

nozzle. Exploded view of the igniter chamber is shown in Fig. 7. When voltage

is applied to the electric primer, it produces hot gases which flow over the

propellant strip and ignite it. The product gases flow through a multiperforated

nozzle into the main chamber.

A schematic of the test section is shown in Fig. 8. A crack-like cavity,

formed between a transite slab and a plexiglass window, is situated normal to

the flow direction of gases in the main chamber. Thickness of the interchange-

able metal spacers determines the crack-gap width. In the present study, the

gap width was varied between 1.17 'mm and 3.18 mm. The length of the cavity is

145 mm. As shown in Fig. 8, propellant test sample is situated at the tip

of this cavity. A heat-flux gage is symmetrically placed adjacent to the

propellant sample at the tip. Two pressure ports are provided in the crack cavity:

one near the test sample, and the other at the crack entrance. Exploded view of

the test section is presented in Fig. 9. Figure 10 shows the partially assembled

test section in the chamber.

jm
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A Retainer Block F Booster Chamber

B Primer Housing Unit G Booster Nozzle

C Electric Primer H Igniter Chamber

D Primer Retainer I Igniter Propellant

E Dielectric Material J Multiperforated Nozzle Plate

Fig. 7 Exploded View of Igniter System
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-PLEXIGLASS HOLDER FOR
__________________PROPELLANT SAMPLE
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EAT FLUX GAGE

e-100,PRESSURE TRANSDUCER
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CRACK

HOT GAS FLOW IN CHAMBER

Fig. 8 Schematic Diagram of Test Section

I



25

Ii G F G

A Retainer Block E Pressure Transducer Housing Unit

B Heat Flux Gage F Transite Plate

C Propellant Sample and Heat-Flux G Metal Spacers
Gage Housing Block H Plexiglass Window

D Propellant Sample and its Holder

Fig. 9 Exploded View of Test Section
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Fig. 1t) Partially Assemibled Test Sectioni in the Chamber
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The ignition event is observed through a set of transparent plexigla.s windows.

The window assembly is held in place by the window retainer, which forms the

top half of the chamber. With the exception of the exit nozzle through which

gases are discharged into the atmosphere, the chamber is comrlotely sealed during

tests. For safe operation, the chamber is also equipped with a port for

the burst diaphragm: the diaphragm ruptures at a pressure of about 70 MPa (-10,000

psi). Figure 11 shows the assembled test chamber, along with the igniter system.

Several parameters can be varied to alter chamber pressurization and igniter-

gas temperature. The rate of chamber pressurization is varied by altering any

one or more of the following: a) mass of the propellant igniter charge, b) mass

of the booster propellant, c) chamber volume, d) insertion of a bursting dia.

phragm between the igniter chamber and the test chamber, and e) diameters of

exit, booster, and multiperforated igniter nozzles. In order to change the

igniter gas temperature, igniter propellants with different flame temperatures

were used.

3.2 Data Acquisition System

A block diagram of the data acquisition system used in the present study is

shown in Fig. 12. This system is comprised of 1) pressure measuring system,

2) heat-flux measuring system, 3) photodiode setup, 4) high-speed photography

system, and 5) transient wave-form recording system. The ignition event was

remotely controlled, using a relay circuit connected to the footage-controlled

event switch on the camera.

Pressure measurements were made at three locations in the chamber: one each

near the propellant sample, at the entrance of the crack cavity, and in the main

chamber. Piezoelectric quartz transducers with a rise time of 1.5 us and natural

frequency of 300 kHz were used to mcasure the pressure. Signals from the

transducers were amplified through a charge amplifier before recording. [feat-flux

measurements were made with thin-film heat-flux gages. The heat-flux gage is

I
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Fig. 11 Assembled Test Chamber and Igniter System
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Fig. 12 Block Diagram of Data Acquisition System
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essentially a thermocouple in which 0.5-1.0 um thick films of thermoelements are

deposited on a ceramic base (mullite). The response time of these thin-film

thermocouples is in microseconds. 19 In the present study, platinum and rhodium

were used as thermoelements. Output of the thermocouple is amplified by a wide-

band amplifier. The procedure for obtaining the heat flux from temperature

measurements is outlined in a later subsection.

The photodiode and high-speed camera systems were used simultaneously to

monitor the ignition event. A 16-mm HycaA movie camera recorded the complete

ignition event in the chamber. With a quarter-frame optical head, the camera

was capable of filming at about 40,000 pictures/s. The photodiode systm consists

of a photography lens mounted on an optical bed, a fast-response photodiode,

and an amplifier. In order to observe ignition of the propellant surface, a small

region around the propellant surface is focused onto the photodiode ')y the lens.

Output of the photodiode can be amplified before recording. Use of these two

independent systems for the observation of the ignition event reduces the possi-

bility of error. Figure 13 shows the assembled test chamber and igniter system,

the Hycam camora, and the photodiode system.

All transient signals are recorded on a digital transient wave-form recorder

(Physical Data Model SlS), as well as on a high-frequency FM tape recorder. The

transient wave-form recorder has a sampling rate up to 2 x 106 samples/s, a

maximum amplitude resolution of 0.1%, and a 4k word memory per channel. A light-

emitting diode (LED) driver unit is used to generate a trigger or common-time

pulse, which is simultaneously recorded on the film and on the transient recorders.

This commnon-time pulse is used for time correlation between data on the film and

on the transient recording devices. Digitized output of the transient recorder

can be displayed on an oscilloscope or an x-Y plotter, or can be transferred to

the minicomputer (PDP 11/23) for data storage and processing.

- - .L
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3.3 Determination of Surface Heat Flux

The procedure for determining heat flux from the thin-film-gage temperature

data is similar to that outlined by Vidal et al.20,21 Since the thickness of

the thermoelements is less than 1 Um, temperature measured by the thermocouple

is assumed to be the surface temperature of the insulating ceramic base. Because

the duration of the event is in the order of 1 ms, the ceramic base is treated

as a semi-infinite solid for heat-flux computations. The expression for heat

flux for a semi-infinite solid with known surface temperature-time history2 2 is

q"t)= kpc t~), T(t) - T(T) (2(t .4 Lt T / d-r (52)

where T(t) is the measured surface temperature.

The integral appearing in Eq. (52) 4•ust be evaluated numerically. A simple

trapezoidal rule or Simpson's rule techniques do not provide accurate answers,

since the integrand becomes infinite at the upper limit. A method proposed by

Cook and Felderman23 was employed to alleviate this problem. T(T) is approximated

by a piecewise linear function. The final expression for heat flux is given by

kpc T n-l (t - T(t.) T(tn) - T(ti. )

T(ti) - T(ti-) 1 T2tn T - T~tn'l (53)

n 2 1/2 ) 1/2
- 1 ~ (tn - i-t
n n n

where At = t /n.
n

The steps involved in computing heat flux from voltage-time data is as follows.

Voltage-time data is converted into temperature-time data using tabulated temperature-

EMF values for platinum-rhodium thermocot:ples. The temperature-time curve is then

smoothed, using a cubic spline fit24 through the data. This smoothed temperature
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time information is used in Eq. (S3) to compute the surface heat flux as a function

of time. Properties of mullite, which are a function of temperature as shown in

Fig. 14, are averaged over the temperature range.
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IV. RESULTS AND DISCUSSION

The ignition of an AP-based composite solid propellant with PBAA-EPON binder

was a subject of this investigation. The weight percent of oxidizer in the propellant

was 75%, and the average oxidizer particle size was 76 prn. The flame temperature

of this propellant is 1920 K. In most of the experiments, the same propellant was

also used as the igniter. In all tests, initial pressure in the chamber was 0.1

MPa and initial temperature was about 298 K.

The sequence of events that occur during the test can be described generally

as follows. Hot, combustion product gases from the igniter flow into the main

chamber and pressurize it. The pressure gradient causes a part of the gases to

penetrate the crack-like cavity. Hot gases and the pressure front propagate a"long

the crack, reach the tip, and are reflected from the closed end. As the process

continues, additional hot gases are driven into the crack because of the continually

rising chamber pressure. As the hot gases reach the propellant surface, energy is

transferred from hot gases to propellant. Heat feedback from the gases can be

extremely high because of compression wave refiection from the tip; flow recircu-

lat ion near the closed end; heat release from the unreacted igniter species (or

particles) behind the reflected compression wave; and increased enthalpy of the

hot gases because of continued pressurization of the cavity. This heating eventually

causes the propellant to ignite.

In the experimental portion of this study, ignition is defined as the onset

of emission of luminous light from the propellant surface. A go/no-go type of

ignition criterion cannot be applied to the test configuration of this study since

it was impossible to remove the energy stiimulus following onset of ignition.

Although the cri~terion of onset of luminous light is usually associated with onset of

surface ablation, especially for nitramine propellants where considerable time

lag exists between surface ablation and ignition, the ignition criterion employed in
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this study is quite suitable for AP-based composite propellants, and it has been widely

used in the past. In all but one of approximately sixty tests conducted in this

study, the propellant sample burned completely. Figure 15 is a photograph taken

following testing of the burned plexiglass window next to the propellant sample.

As mentioned in the previous section, pressure measurements were made at two

locations in the cavity, one near the propellant sample at the tip and another

near the crack entrance. Heat flux from the gases to the propellant was deduced

from a heat-flux gage situated adjacent to the test sample. The ignition event

was simultaneously recorded on film and a photodiode focused on the propellant

surface. High-speed photography was conducted by using either a streak attachment

or a quarter-frame optical head. Maximum filming speed during the tests was about

40,000 pictures/s. It was noted that light intensity obtained through streak record-

ing near the tip was a replica of the photodiode signal. Therefore, in order to

achieve a more complete understanding of the ignition event, the quarter-frame head

was used in most of the tests. Even though the time interval between each picture is

about 25-30 Us, ignition delay can be accurately determined by first locating the

ignition event on the film and then obtaining its more precise location from the

photodiode signal.

A typical set of time-correlated pressure traces at the crack entrance and at

the tip is presented in Fig. 16. The curves shown pertain only to the uprising part

of the P-t trace because that is the region of interest. Figure 16 shows that the

first discernible pressure rise at the tip occurs some time later than the corresponding

pressure rise at the entrance, due to the finite time required by the pressure front

to propagate from crack entrance to tip. Also, except for a short period immediately

following arrival of the pressure front at the tip, the average pressurization rate

is generally lower near the tip, perhaps as a result of frictional losses in the channel

as gases travel to the closed end. The pressurization part of this curve is quite

linear. Ignition was observed to occur during the uprising part of P-t traces.
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Propellant Sample: S~~AP/PBAA-EPON ,F
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Fig. 16 Time Correlazed Pressure Traces
(Test No, DNI 3-42)
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Another time-correlated pressure trace, for which the initial pressurization rate was

extremely high (dP/dt)init ' 1260 GPa/s, is shown in Fig. 17. From the P-t trace at

the tip in Fig. 17, a very steep shock-like compression wave is clearly evident at

the instant at which compression waves arrive there.

Typical time-corrilated pressure at the tip, light intensity at the propellant

surface, and temperature signals from the heat flux gage are shown in Fig. 18.

The temperature trace shown is the amplified signal through a wide band amplifier

at a gain setting of 50 db. The ignition event is also shown in the figure. As

mentioned earlier, the time for ignition is first obtained from the film. A more

accurate location of ignition is obtained from the photodiode trace, where a trough

followed by an uprising of the curve exists in the neighborhood of the point obtained

from the film. In this study, ignition delay is defined as the time lag between

arrival of the pressure front at the crack tip and subsequent ignition (i.e., emission

of luminous light from the propellant -urface).

Figures 19 and 20 show two streak photographs of tests conducted at low

pressurization rate (17 GPa/s) and high pressurization rate (55 GPa/s), respectively.

One startling difference between the two photographs is evident. At a higher pressuri-

zation rate (Fig. 20), immediately after the hot gases reach the crack tip, a luminous

region appears there. As time progresses, this luminous region moves downstream

toward the crack entrance. Depending upon test conditions, the luminous region may

or may not travel all the way to the crack entrance. This bright region may be

caused by heat released from combustion behind the reflected compression waves of

unreacted species or particles from the igniter system which are carried to the crack

tip by strong pressure gradients. At higher pressurization rates, the pressure gradi-

ent is steeper, and the igniter species have less time to burn or react completely

before entering the combustion chamber. Both of these p. cesses would contribute to

the appearance of the bright luminous region at the tip.

Satth
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The observed luminous (reaction) region could also be caused by reaction of

igniter species with oxygen present in the chamber. Because of rapid pressurization

of the crack cavity, the air present in the cavity could be adiabatically compressed

causing a flash reaction between the oxygen in the air and some of the igniter species.

To eliminate the possibility that this reaction may have been caused only by the

presence of oxygen, tests were also conducted in the chamber purged with nitrogen.[ Figure 21 shows photographs for a test in which air was present in the chamber,

whereas the photograph in Fig. 22 is for a test in which the chamber was purged with

nitrogen. It is evident in both cases that the luminous region is present, even

though the luminosity is somewhat lower when oxygen is not present. Therefore,

oxygen present in the chamber enhances luminosity but is not the only cause of it.

Tests, in which both the igniter grain and a sufficient quantity of powdered

propellant were placed in the igniter chamber, were conducted to further investigate

the effect of igniter species or particles in causini the luminous zono. F~igure 23

presents a set of pictures for this case. The chamber was purged with nitrogen.

A comparison of Figs. 22 and 23 shows that the luminosity of this zone is higher

for the case shown in Fig. 23. If more particles that can be entrained in the

flow are present, the probability that the particles may be carried to the tip

with the gas flow and burn there increases. This is especially true at higher

pressurization rates because the particles may not have sufficient time to react

completely in the igniter chamber or the main chamber.

Figure 24 shows !ýi.cnthed temperature-time traces measured by using the thin

film heat-flux gage for three different pressurization rates. It can be seen from

the figure that the rate of increase of surface temperatue increases as the pressuri-

zation rate is increased. Deduced heat flux as a function of time for the conditions

corresponding to Fig. 24 is given in Fig. 25. The shapes of the heat f lux-time

traces are dictated by their respective temperature-time plots. It should be

noted that the heat flux to the propellant surface is extremely high under these

-~~ ~~ ~ --- - -----
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operating conditions (in the order of 10 MW/m 2 or 2S0 cal/cm-2_s), and that the

heat flux to the propellant surface increases with the increased rate of pressuri-

zation. For the time period specified in Figs. 24 and 25, measured temperature

continually increases and heat flux to the propellant surface is always positive

because the hot igniter gases continue to flow into the crack cavity during

this short period of time.

The increase in heat flux to the propellant surface at an increasing rate

of pressurization can be attributed to a combination of the following. At higher

pressurization, heat transfer to the propellant, from both the reflected

compression wave and the hot recirculating gases near the tip, will be higher.2

Photographs of the ignition event presented in Figs. 20-23 show that at higher

K pressurization some of the unreacted species or particles from the igniter grain

or booster propellant, which did not have sufficient time to burn completely,

may become entrained and carried by the hot gases to the tip and burn there.

Because of continued pressurization of the crack cavity, the enthalpy of gases

adjacent to the propellant surface will increase, which in turn increases the

rate of heat transfer to the propellant surface.

The effect of pressurization rate at the tip on measured ignition delay

time is shown in Fig. 26. It can be seen that the ignition delay decreases as

the pressurization rate increases because the rate of heat transfer to the

propellant surface increases as the pressurization rate is increased. It is

interesting to note that the ignition delay is in the submillisecond range for

pressurization rates of the order of 10 GPa/s or higher. Scatter in the experi-

mental data appears to be more pronounced at lower pressurization rates; this

may be attributed to the lower rate of heat transfer to the propellant under

these conditions. Figure 26 also shows that crack-gap width has no distinguishable

effect on the. ignition process. Data for the smallest gap width (6 =1.17 mm)

appear to be concentrated at lower pressurization rates; because no diaphragm was
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inserted between the igniter and combustion chambers for tests with the smallest gap

width, lower pressurization rates were obtained.

Experiments were also conducted to evaluate the effect of igniter gas

temperature on the ignition process. An aluminized AP-based composite propellant

was used as the igniter for these studies. The flame temperature of this propellant

is 3600 K. Because of the very high luminosity of the product gases from this pro-

pellant, it was difficult to accurately measure the ignition delay. Limited results

obtained from these tests indicate that the ignition-delay time is somewhat lower

for high-flame temperature igniter gases. This is to be expected, since the rate of

heat transfer to the propellant will increase with higher gas temperatures.

Table 3 lists the values and sources of physical properties and input parameters

used in the calculation~s. Thermal properties of AP were taken from Ref. 26. Thermal

properties of PBAA are approximate.. and are identical to those used by Varney and

Strahle. 16Density of the fuel binder in the table is weighted average density of

PBAA and EPON. Conductivity of PBAA was deduced from this average density and the

value of thermal diffusivity used in Ref. l6for fuel binders. The values of in-depth

radiation absorption coefficient $ are considered to be equal for both oxidizer and

fuel, and are identical to those used in Refs. 29-31. Separate values of 8 for AP

and PBAA were not found in propellant literature. Yn the present study, radiation

is less than 2.5% of the total heat flux to the propellant; in-depth radiation

absorption, therefore, does not play a significant role in the overall ignition process.

The ignition criterion for the theoretical analysis was based upon attainment

of a critical temperature at the oxidizer fuel-binder interface on the propellant

surface. This temperature was denoted as 623 K (350 0C), which is the accepted

decomposition temperature of AP.14 3  Because of the heterogeneous nature of the

propellant, the AP and the fuel binder have different temperatures at any axial

location; therefore, the ignition criterion was based upon the temperature at the

AP-fuel interface. Photochemical reactions were not considered in the comiputations.
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Table 3 Physical Properties and Input Parameters

Property Units AP PBAA

J/kg-K 1305.426,27 1255.216

Epy kJ/gmol 13428 14216

k W/m-K 0.4626 0.1216

L 1.1 so --

py kJ/kg -50210'1s 815916

R Um 30.62 --

R2 U -- 39.762A
z s-1 1.0 x 109 (Ref. 28) 2.0 x 107 (Ref. 16)

1 4 4m 1.0 x 10 (Ref. 29-31) 1.0 x 104 (Refs. 29-31)

P kg/m 3  195032 94733
I.I

Li

!I

ii

J.2

......................- , -
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Figure 27 shows the comparison between measured and predicted ignition delays.

Theoretical values appear to predict accurately the functional dependence of

* ignition delay on the pressurization rate. The variation in the predicted ignition

delay when toareis a +2S K change in the ignition temperature is also shown in

the figure. At low pressurization rate, the variation is large because of lower

heat flux to the propellant. It should be noted that only representative values of

K predicted ignition delays are shown in Fig. 27; there is also some scatter in the

predicted results because actual measured heat flux is an input to the theoretical

V model.
I: Figure 28 presents a plot of the calculated radial variation of propellant

surface temperature at three different times. The temperature profiles at these

specified times are quite similar. Temperature in the fuel binder is hiigher than

that in the oxidizer crystal because the thermal diffusivity of fuel is lower.

Even though the pyrolysis reaction for the fuel is endothermic, it has little

effect on the temperature profiles since appreciable pyrolysis reaction does not

occur in the temperature range shown in Fig. 28. It is also evident that except

as a result of adiabatic radial boundaries.

Figure 29 shows the predicted axial variation of the oxidizer fuel interface

temperature at various times for conditions corresponding to Fig. 28. The thermal

wave penetration depth is extremely small (<20 uim) because the heat flux to the

propellant surface is very large (in the order of 10 M1W/in2 and the time duration

is very short (submilliseconds). If a significant portion of the incident heat

flux is radiative, the thermal wave will penetrate deeper than that shown in the

figure. In the present study, as noted earlier, a very small portion (41.5%) of

the incident heat flux is radiative.

Figure 30 is a plot of the calculated propellant surface temperature at the

oxidizer fuel interface as a function of time for pressurization rates of 15.35,
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49.72, and 112 GPa/s. The input heat flux for these cases is presented in Fig. 25.

Since the heat flux to the propellant surface increases with higher pressurization,

the average slopes of the curves in Fig. 30 also increase with higher pressurization.

The time variation of surface temperature F.r •. given pressurization rate depends

strongly on the corresponding heat-flux time data.

I

I'

I 4

S- •
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V. SUMARRY OF PROGRESS ANE CONCLUSIONS

Progress made during the past year and the re3ults obtained can be s.umnarized

as follows:

1. Detailed chemical kinetics information for the AP/PBAA propellants

was incorporated into the proposed theoretical nodel for .gnition of composite

solid propellants. This enables a more complete description of source terms in the

gas-phase energy and species equations.

2. Solid-phase energy eqmations were coded and implemented on a computer.

The numerical scheme employs a stable, implicit scheme for solution of the governing

equations. Numerical solutions of the solid-phase subprogram were successfully

checked against analytic solurticns for some limiting cases. Using actual, measured

heat flux near the propellant surface as an input to the solid-phase equations,

predictions for the ignition delay time can be made.

3. Numerical solution of tzie complete model is in prooresr. An overall :olution

scheme was established, and a portion of the gas-phase finite difference equations

was coded.

4. The test chamber w3s modified to house the heat flux gage, pressure trans-

ducer, etc., near the propellant sample. A new igniter 3ystem, which uses electric

primers, was designed and fabricated. With the present setup, pressurization rates

in the o-der of 100 GPa/s (-106 atm/s) were obtained.

5. The data acquisition system was updated by acquiring and installing a

2 MHz transient waveform recorder and digitizer; by interfacing the digitizer with

a minicomputer; and by upgrading the movie camera system to reach 40,000 pictures per

second. A photodiode system was installed to detect onset of ignition.

6. Test firings were conducted to investigate effects of pressurization rate

dP/dt, crack-gap width 6, and igniter flame temperature on the ignition process.

The ignition delay time was simultaneously recorded, using the Hycam camera and the

fast-response photodiode system.

VO',•
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7. Heat flux to the propellant surface was deduced from the temperature-time

profile measured by a fast-response (5-10 11s) thin film thermocouple, using a

numerical integration procedure.

A. Experimental results indicate that the ignition delay time decreases andI - the heat flux to the propellant surface increases as the pressurization rate is

increased. No distinguishable effect of the crack-gap width on the ignition process

was evident. Limited results obtained by using an aluminized propellant as the

igniter show that the ignition delay time is somewhat lower for high-flame temperature

igniter gases.

9. Theoretical predictions made using the solid-phase equations show reasonable

comparison with experimental data. Theoretical results also indicate that the

ignition delay time decreases as the pressurization rate is increased.

10. The decrease in ignition delay with increasing pressurization is caused by

enhancei heat feedback to the propellant surface at higher pressurization rates.

This augmentation in heat feedback to the propellant at higher pressurization is a

result of a combination of the following mechanisms: heating due to conpres!ion wave

reflection at the closed end; hf.at transfer due to recirculating hot gas near the

tip; heat release by burning of unreacted igniter species (or particles) near the

tip, behind the compression wave; and increase in enthalpy of the gas adjacent to

the propellant surface due to continued pressurization of the crack cavity.

-. - .4-... I.-,.
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VI. NOMENCLATURE

Symbol Cescription
F

A axial transformatioiu cnstrant for the gaseous region

c, c specific heat
• p

D binary mass diffusion coefficient

E activation energy

E b black body radiation intensity

G external radiation heat flux

Iz local radiation flux at z

k thermal conductivity

k. rate constants for reaction i

L thickaess of tne oxidizer pellet

m constant defined in Eq. (31)

P pressure

heat flux ýenergy per unit time per unit area)

q'" heat generation rate (energy per, unit time per unit volume)

rate of heat generation due to photochemical process per unit
Qpc)X wavelength/local radiation flux at z

Ipy heat of pyrolysis per unit mass

r radial distance from the center of the statistically averaged
element

rb burning rate

R universal gas constant
U

R2  radii of outer surfaces of oxidizer particle and fuel binder,2ros,)ectively

trausiormed nondimensional axial coordinate in gas phase

t time

T temperature

V gas phase veiocity in z direction

W average molecular weight

Yj mass fraction of species j it. the gas phase
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Szmbol Description

z distance from the initial (t-O) position of the interface;

positive in the gas phase

Z pre-exponential factor

radiation absorptivity of the interface

8 in-depth radiation absorption coefficient

emissivity of the interface

efficiency for photochemical process at wavelength X

wavelength of external radiation

p density

T transmissivity of the solid phase

ý1" mass production rate per unit area

mass production rate per unit volume

axial coordinate in solid phase (=-z)

Subscripts

1,2,3,4,5 .variousreactions or species

F fuel

F-g fuel-gas interface

g gas phase

i initial value

j Species j

Ox oxidizer

Ox-F oxidizer-fuel interface

Ox-g oxidizer-gas interface

pc photochemical

py pyrolysis

s solid phase

s-g solid-gas interface
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z in z direction (perpendicular tothe initial positionl of

the interface)

far away from the interface in z direction

A wavelength
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COMBUSTION - STRUCTURAL INTERACTION IN

A VISCOELASTIC MATERIAL*

T. Y. Chan and J. P. Chang

Department of Civil Engineering
The Universir.y of Akron, Akron, Ohio

M. Kumar and K. K. Kuo
Department of Mechanical Engineering

The Pennsylvania State University
University Park, Pennsylvania

SUM11ARY

The effect of interaction between combustion processes and structural
deformation of solid propellant was considehred. The combustion analysis was
performed on the basis of deformed crack geometry, which was determined from
the structural analysis. On the other hand, input data for the structural
analysis, such as pressure discributicn along the crack boundary and ablation
velocity of the crack, were determined from the combustion analysis. The inter-
action analysis was conducted by combining two computer codes, a combustion
analysis code and a general purpose tinite element structural analysis code.

INTRODUCTION

In recent years, much attention has been focused on the investigation of
the coupling effect between combustion phenomenon and mechanical behavior of solid
propellant. The, solution of problems of this type can further better understand-
ing of the transient combustion processes inside solid propellant cracks, which
may significantly affect the performance of a rocket motor. The combustion pheno-
menon inside the crack of solid propellant is strongly influenced by the crack
geometry as the material is being deformed and burned away. Generally, there are
two major reasons for alteration of the czack geoaetry: 1) mass loss due to
gasification of propellant surface along the crack during the comb ition process.
and 2) mechanical deformation of the propellant due to pressure.

On one hand, both the bur~ing rate and mechanical deformation are governed
by pressure acting on the crack surface. On the other hand, a change in crack
size will cause the pressure distribution to vary. The pressure distribution
will ntrongly influence the deformation and stress concentration at the crack

*Research sponsored by the Power Program of the Office of Naval Research Arlington,
Va., under Contract No. N00014-79-C-0762. The support of Dr. R. S. Miller is grate-
fully acknowledged. A part of this work was performed under a previous contract
sponsored by Dr. R. L. Derr of .WC. His support is also appreciated.
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tip, which in turn will affect the manner of the crack propagation. It is,
therefore, apparent that the pressure distribution and the change in crack geo-
metry are strongly interdependent.

In the past, combustion and structural analyses of solid propellant were
conducted independently, with the result that interaction "ffects were completely
ignorcd. As noted above, such interaction effects can be quite important, especi-
ally when the deformation is large as compared to the original crack-gap width.
The deformation response of the material is categorized as linearly viscoelastic.
It is, therefore, the intent of this paper to present a method of analysis for the
combustion-structural interaction in a linear viscoelastic medium. To this end,
three major tasks are involved: 1) combustion analysis to model the transient
combustion process, 2) viscoelastic analysis in conjunction with moving boundary,
and 3) linkage of the two analyses.

For the combustion analysis, investigations of certain aspects of combustion
processes have been made. Taylor [11 conducted experimental tests to study the
convective burning of porous propellants with closed- and open-end boundavy condi-
tions. Belyaev et al. (2] shoved that the burning of propellant inside a narrow
pore may lead to &n excess pressure buildup. In a later study, Belyaev at al. [1]
made a series of experimental tests to determine the depennence of flame-spreading
rate on crack geometry, propellant properties, boundaty conditions, and combustion
chamber pressures. Cherepanov [4] stated that as a result of the impeded gas flow
in a sufficiently narrow and long cavity, the pressure reaches such high values
that the system becomes unstable. From his work, Godai !5] indicated that there is
a threshold diameter or critical width of a uniform cavity below which flame will
not propagate into the crack. Krasnov at al. (b1 investigated the rate of pene-
tration of combu3t!on into the pores of an explosive charge. Jacobs et al. [7,8]
studied the pressure distribution in burning cracks that simulate the debonding
of solid propellant from the motor casing.

Although results of previcus experiments were of interest, no sound theore-
tical model was developed. In this study, a theoretical model was established
for predicting rate of flvae propagation, pressure distribution, and pressuriza-
tion rate inside the crack. Two sets of coupled partial differential equations
uerR obtained: one from nass, momentum, and energy conservation of the gas phase
of the propellant product in the void region adjacent to the crack surface; the
other from consideration of solid-phase heat conduction. Due to the mathematical
complexity of governing equations and boundary conlitions involved, the finite
difference method was usei to o&tain the solution for the combustion analysis.
In the numerical solution, the boundary conditions, which vary with time, are

* specified in terms of the changxng crack geometry, which in turn is found from the
structural analysis. In addition, the pressure distribution along the crack sur-
face, varying as a function of time, was obtained from the analysis and was used
as input for the struczural analysis.

For structural analysis, different approaches have been taken previouslv
in solving (analytically or numerically) several moving boundary problems in linear

viscoelaaticity. Lee et al. [91 obtained a solution for the pressurization of
an annihilating viscoelastic cylinder contained by an elastic casing in which
the material was assumed to be a Kelvin model in shear and incompressible in bulk.
Arenz et al. (101 performed a similar analysis for a sphere. Corneliussen et

J
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al. [11,121 presented solutions for a spinning, annihilating, viscoealastic
cylinder with free outer boundary. Since the constraining case was not included
in their analyses, the stress distribution was independent of the material pro-
perties. With the assumption of a standard linear solid model, Shinozuka [13]
presented the analytical solution for a case-bonded pressurized viscoelastic
cylinder. More generalized solutions were obtained by Rogers et al. [14] for a
class of linear viscoel;.stic problems by using the numerical integration scheme.
Schapery [151 also developed a general method for solving moving boundary problems.
In his approach, the moving boundary condition was replaced by a fictitious non-
moving boundary subjected to a time-dependent pressure. Later, Christensen et
al. 1161 obtained a series solution for the stresses of the same problem. As
noted above, most of the analytical solutions were available for viscoelastic prob-
lems of simple geometry. For complex geometry, the finite element method has
proven to be most useful.

Application of the finite element method for solving viscoelastic problems
is not new; reports of such work can be found, for instance, in references (17-201.
However, most of the previous work did not consider the effect of moving boundary,
an important feature for the structural analysis of solid propellant. Sankaran
and Jana (21] presented a technique for the solving of axisymmatric viscoelastic
solids with moving boundary. In their approach, the finite element mesh corres-
ponding to the new boundary was re-generated, while the stress-strain histories
and material properties were assumed to be carried over from those of the previous
time increment. This assumption is valid cnly if the time increment is very small.
An algorithm for automatically cracking ablating boundaries was given by Weeks and
Cost (221. All previous work dealing with moving boundary viscoelastic problems
lacks both the appropriate treatment of material properties, and stress-strain
histories for the newly generated mesh. It is the purpose of this paper to pre-
sent such a treatment.

Three major features must be included in the structural analysis for a solid

propellant: 1) proper modeling of viscoelastic behavior, 2) tracking of
ablating boundary in order to generate new finite element meshes, and 3) treat-
ment of the material responses (i.e., stress-strain histories and material pro-
perties) for the new mesh. All of these features have been incorporated into a
nonlinear finite element program called NFAP [23). Combustion and structural
programs were combined in order to make possible an interaction analysis. Numeri-
cal results are presented to demonstrate the effect of interaction between
combustion and structural responses of the material.

COMBUSTION ANALYSIS

The theoretical model was developed to simulate the combustion phenomenon
inside a propellant crack, which is located in a transverse direction to the
main flow of the rock chamber. During the course of derivation, the following
assumptions are made:

1) All chemical reactions occur near ths propellant crack surface, and the
combustion zone is so thin that it is considered a plane.

2) Rate processes at the propellant surface are quasi-steady in the sense that
characteristic times associated with the gaseous flame and preheated pro-

pellant are short ir comparison to that of pressure transient variation.

I
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3) Gases flowing in the propellant crack obey the Clausius or Noble-Abel

equation of state.

4) Bulk flow in the pore is one-dimensional [24].

To describe gas-phase behavior inside a solid propellant crack, mass,
momentum, and energy equations in unsteady, quasi-one-dimensional forms have
been developed, based upon the balance of fluxes in a control volume within the
propellant track.

The mass conservation equation is

at + x r)'pr b b

The momentum conservation equation is

-T p ( 2 p P(x ax sin

- TVwcos 0w + pApBx - ( prrbb) V gf sin 0w (2)

The energy conservation equation written in terms of the total stored energy
(internal and kinetic) per unit mass, E, is

(PAE) +L (AuE) - - (NA R) (A pit)
3t p ax p ax p ax ax p

+ L (TxApu) + p r Ph - hPb(TTs) (3)
a p pr b-bf cp'b ps

4+ BApu - h (P -Pb)(T-Tw)
xP p cv w b we

The conservation equations are further simplified by an order of magnitude
analysis in which the following terms are negligible: 1) forces between mole-
cules due to viscous normal stress in axial direction; 2) viscous dissipation
and rate of work done by tbe force caused by viscous normal stresses in the energy
equatiun; and 3) axial heat conduction between gas molecules in the energy
equation.

The propellant surface temperature at a fixed location along the crack before
the attainment of ignition is calculated from the solid-phase heat conduction
equation Vritten in unsteady one-dimensional form:
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S,, • 2'(4)

at pr a)y2

where the length variable y is measured perpendicular to the local propellant
crack surface. Initial and boundary conditions are

T p (0, y)Tpi (5)

T (t,.) T (6)
pr pi

aT h(t)
or (t, 0) - c [T(t) - Ts(t))

pr

The heat conduction equation is solved by using an integral method (251
which employs a third-order polynomial, or by direct numerical solution of Eqs.
(4-7) with variable mesh size in the subsurface.

For the gas phase, the Noble-Abel equation is used for the equation of
state:

- b) - RT (8)
P

The gas-phase equations, i.e. Eqs. (1), (2) and (3), are non-linear, inhomo-
geneous, partial differential equations. Along with the partial differential
equation for the solid phase (Eq. (4)), they are solved aimultaneously, using the
finite difference method. The derivation described above was implemented into a
computer program, crack combustion code (CCC) by Kuo at al. [261.

STRUCTURAL ANALYSIS

To conduct the structural analysis of the solid propellant, three main
features must. be included in the numerical formulations: 1) sodtling of

viscoelastic material behavior, 2) simulation of ablating boundary, and
3) treatment of material responses by an interpolation scheme. Each feature
i~s outlined below.

Viscoelastic Material Model

The material behavior of the solid propellant is assumed to be visco-
elastic in shear and elastic in bulk. Only the isother'mal condition is cons-.dered.
The stress-strain relations with zero initial conditios are written in two parts.

1) Shear behavior:
t d(9

S G (t-t') d- (9))d(9

0I

..........
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where G1 is the relaxation modulus in shear. For most viscoelastic
materials, it is usually considered

N

G1 ge m (10)u-I.

2) Bulk behavior:

Okk w 3K ckk (11)

As discussed in (27), the incremental stress-strain relations in matrix form
are written as

(ACT - CDVE I(Ac - (ao} (12)

T
where {Aa}T {AO22 Ac 3 3 , AT 2 3 ' ACll} (13)

{Acl} - (Ac 2 2 , AE 33 , Ac2 3 , } (14)

M
T - [ B {mC22, C3 3 , C2 3 , Cl 1 } (15)

and

21(K+ =-A) (K- 1A) 0 (K- -LA)

21
[DyE1  (K+ 3A) 0 (K- -" A) (16)

symmetric A 0
2

(K+ A)

Furthermore,
M

A g +• g (1 - a'm At)/(8 At) (17)
M-1 mn

-6 At
B -1- e (18)

and thu term t has a recursime relationship, i.e.,

M iL
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t e-A t _ t-At gm(l-e- m ) (19)mci mj + •• 'J(9
mij Atjm

t t-At
e'j a e t -e (20)

ii i ij

The advantage of Eq. (19) is that all of the strain history can be obtained by
referring only to information in the previous time step, thus reducing computer
storage and numerical calculations.

From the virtual work principle and the relationship of Eq. (12), the finite
element equilibrium equations for a typical time interval (t, t + 1t] can be
derived as

(K] (tv} - (6f) - {f } (21)o

where [K] [B]T [D vE [B] dv (22)

and {f } " (BIT (o0 dv (23)

Simulation of Ablating Boundary and Mesh Generation

Burning of the propellant causes a significant change in geometry, thus
presenting complications in finite element structural analysis. The effect of
ablating boundary is accounted for by redefining the finite element mesh at speci-
fied time intervals. This involves two stages of calculations: 1) tracking
of the ablating boundary, and 2) generation of new finite element mesh. With
some modifications, the procedures adopted herein are similar to those presented
in [22].

Consider a structural geometry with ablating boundary. The spatial posi-
tions of the ablating boundary are determined by the ablation velocities which
are found from the combustion analysis at discrete times. It is assumed that
the ablation occurs always in the directon normal to the buundary. For struc-
tural analysis, the entire surface is divided into an ablating part and a non-
ablat ing part; each part is formed by discrete line segments joining at the nodes
of the finite element mesh. The new position of each line segment is located fro-m
the given abi.ating velocity. Consequently, the new boundary nodes are determined
by calculating the intersections of two subsequent new line segments. Likewiae,
the nodes at the intersections of new ablating and non-ablating boundaries are
then determined.

During the locating process, however, some of the boundary nodes may not lie
on the new boundary and thus must be eliminated. If the distance from the tip
of the normal vector at a new nodal position to any node on the original boundary
is less than the value of the normal itself, the node is removed.
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In general, the total number of nodes on the boundary at discrete times
will be different because some of the nodes have been removed. However, in
the analysis it is more convenient to generate a finite element mesh similar to
the original one so that interpolation of material response can be made. One
way to accomplish this is by keeping the number of boundary nodes constant.
Consequently, the boundary nodes are redistributed between two discontinuity
points which are specified in the input data in such a way that the lengths
of the new line segments have the same ratio as those of the original lines.

Once the new boundary nodes are defined, an automatic mesh generation
scheme is used to create the interior nodes for further analysis. Because of
its flexibility in obtaining a desirable mesh, a Laplacian-isoparametric grid
generation scheme [28] is utilized. However, this method is limited to a
geometry bounded by four sides. A finite element mesh is shown in Fig. I. The
coordinates of the i-th interior node can be expressed in terms of those of
neighboring nodes by

i i 4(2-w) L' Y i2 + yl3-wy 5  1 l(4
( (2(Y + + + i4) " w(Y + Y + Y + Yi)1 (24)

4(2-w) ii 12 13 14 15 16 17 18-i =4(2-w) .[2(z il + zi12 + z 13 + zg 14 W(z 15 + zi16 + z 17 + z 18)] (25)

where w is the weighting factor for adjusting the distribution of interior nodes,
and0<w<l.

Setting up the equations for each interior node yields two systems of simul-
taneous equations. It is observed that the resulting systems of equations are
banded and symmetric. The Gaussian elimination scheme is employed to solve for
the coordinates of the interior nodes.

Interpolation of Material Responses

As seen from Eq. (16), the stress increment do for the time interval
(t, t+At] varies with material properties and with the strain history at both
current and previous time steps. When the region of an element changes over a
period of time due to ablation, the material response history of the new elements
is lost and must be determined by an interpolation procedure from the old ele-
ments at previous time steps. Accordingly, the interpolation procedure is carried
out on thi element level. For calculations, the material responses are separated
into two groups: the first includes such variables evaluated at the Gaus3ian
integration points, i.e., 'a , AC and Ct ; the second includes the nodal
displacements whicii are eval&ated 11 nodaT Mints. In the present calculations,
two limitations are A.iposed: 1) eight-node quadrilateral elements are used
throughout the analysis; and 2) the four sides of each element remain straight
before and after ablation.

1) Interpolation of Gaussian variables - It is noted that the quadratic dis-
placement approximation of an eight-node element yields a linear strain varia-
tion. With this fact in mind, the quantities of Gaussian variables at -'dal
points are first evaluated for every old element. As shown in Fig. 2a, b, this
can be done by using the linear isoparametric shape functions, namely,

Iii
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4
wV k hi(r•, S;) * w' k 1, 2, 3, 4 (26)

where hi - 1/4(1 + r ir)(l + s i) i 1 1, 2, 3, 4

For each new element, the local coordinates (rk, s) ot the k-th Gaussian
point are known. The $lobal coordinates, (y z k) of that point are. therefore,
computed by using the following equations:

4
Y-k I h (r k ' Sk) * y(

(27)

4
zk a i h 1 (rk, sk) * zl

i-I.

After (y z ) are found, the old element to which the point belongs must be
identifid kA search process based upon the values of r' and s' is developed for
this purpose. The search starts from the old element which corresponds to the
neighboring elements. Equations for such calculations are given by

4
" y h,(r', s') *yI

i-k

(28)
4

-Z h Wr', s') * zi'

Fig. 2c shows how Co identify the element to which the points, (r', s'), belong.
Once the location of the point is verified, an interpolation procedure is per-
formed, using the relationship

4
w-k " hW(r', s') * w, (29)

2) Interpolation of nodal displacements - A similar procedure to that explained
above 1- also used to determine the position of the node in question with refer-

ence to the old element. However, the interpolation procedure in Eq. (26) is no
longer necessary since the nodal displacements are known. The nodal displacements
of the new mesh are computed from

8
di- hW(r, s') * d' (30)

t-I i
where ht are the standard quadratic isoparametrlc shape functions.

1.4



77

All formulations discussed in this section have been implemented into a
general purpose nonlinear finite element program called NFAP for conducting
viscoelastic analysis of solid propellant with ablating boundary. Some numer-
ical examples are presented in a later section.

COUPLING EFFECT

For structural analysis, the boundary condition along the crack geometry
is defined by pressure distribution which varies with time, and ablation velocity;
both are determined from combustion analysis. In the combustion analysis, the
regression rate of the propellant is dependent on the deformed crack geometry.
Therefore, the two processes are strongly interdependent. Such a coupling effect
is obtained by combining the analysis of two computer programs: a crack combus-
tion code (CCC) and a structural analysis code (NFAP). Both codes were developed
independently to facilitate program verifications. Linkage of the two codes was
made subsequently.

The coupling effect considered in the present analysis is limited to the
major parameters, namely pressure loading, ablation velocity, and crack deforma-
tion. Pressure and ablation velocity are calculated by the CCC at each nodal point
located on a or--dimensional grid along the length of the crack. The analysis
of crack combustion incorporates the crack geometry variation caused by both
mechanical deformation and mass loss through gasification of the propellant
surface. Once the gas-phase equations are solved and the pressures and ablation
velocities along the crack are calculated for a given time t, the data are trans-
ferred to the NFAP as the input information. NFAP then simulates the updated crack
geometry from the ablation velocities and generates a new finite element mesh.
With the new mesh and pressure data, NFAP updates the stiffness matrix and inter-
polates material responses for conducting a quasi-static analysis at time t. After
obeaining the deformation, the change in the crack width at each finite different
node is calculated and added to the existing crack width. Since the crack width is
the input of the combustion analysis, one cycle of calculations is thus comleted.
The same procedure is followed for every specified time increment.

EXAMPLES

For program verification and demonstration of its analysis capability, three
sample problems were run either by NFAP alone or in the combined NFAP/CCC program.
The results of the analysis are discussed in the following. The numerical results
obtained from CCC alone are contained in reference (261.

I. A Reinforced Thick-walled Cylinder

Figure 3 shows a cylinder of viscoelastic material bonded by a steel casing
and subjected to a step-function internal pressure. The example was selected
because it is composed of two different materials and the analytical results
are readily available for comparison. Only five eight-node axisymmetric elements
were used to model the cylinder. The material properties of the elastic casing
are

6E - 2.068 x 10 %1Ta v = 0.3015

I-
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The material properties of the viscoelastic core are defined by

K - 689.5 MPa G, = 51.71 * exp (-O.lt) MPa

In Fig. 4, the variations of circumferential stresses with time are plotted
for comparison with the analytical solution obtained in [9]. It is observed that
both solutions agree very closely. This problem was analyzed previously by
Zienkiewicz et al. [181, using strain rate formulation of the finite element
method. However, the formulation presented in the present paper is more easily
incorporated into the NFAP program.

2. A Star-shaped Solid Rocket Motor

As an application of the present approach in dealing with the moving boundary,
a star-shaped solid rocket motor was analyzed by assuming both a constant and
ablating inner boundary. The configuration and finite element mesh are shown
in Fig.. 5, and the material properties of outer casing and inner propellant are
identical to zhose of the first example. Taking advantage of the sywmmetry
condition, only a 300-sector was modeled by finite element mesh. The contours
of maximum compressive stress analyzed by constant inner boundary at various
times are shown in Fig. 5. Comparing the present results with those of [181, it
is evident that the general pattern is quite similar but that some small differences
do exist. Since the geometry of the rocket motor in (18] was not clearly defined,
the difference in dimension used in these two analyses could be the cause of such
deviations.

The actual case of a solid rocket motor can be modeled more closely by con-
sidering the inner boundary being ablated. Figure 6 shows the contokurs of maximum
compressive stress predicted by NFAP, using the option of movinig boundary. The

results obtained are quite different from those of [18]. However, observing the
differences between Figs. 5 and 6, we can conclude that the results obtained by
NFAP are quite reasonable. The solution reveals that the high stress region
obtained for ablating boundary propagates faster than that with non-ablating
boundary.

3. A Propellant Crack Specimen

As a final example, a propellant crack sample was analyzed, using the
combined NFAP/CCC program to demonstrate the coupling effect. The initial geo-
metry and finite element mesh generated by NFAP is given in Fig. 7. The crack
is 0.15 m long and the initial gap-width is 0.89 mm. The web thickness is
8 mm along the crack and 20 m- at the tip. Because of sytmmetry, only half of the
sample was modeled by 80 plane strain elements. The shear relaxation modulus of
the propellant was assumed to be

G1 (t) - 1.461 + 7.43 * exp (-.095t) '[a; and K - 4,826 MPa.

Calculated pressure distributions at various times, from the CCC alone, are
given in Fig. 7. The burning phenomenon of the propellant can be briefly des-
cribed as follows. The pressure in the chamber increases with time, causing
the hot ga3es to penetrate further into the crack. As time passes, the pressure
wave travels along the crack and is reflected from the closed end. At about i
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200 us, the pressure front has already reached the tip and is reflected, causing
pressure at the tip to increase.

Figure 8 shows the results obtained from the combined NFAP/CCC program.
During the initial period, the general trend of the pressure distribution is simi-
lar to that from convective burning analysis alone. However, as time progresses,
noticeable differences between the two cases begin to appear. Up to 200Ius. the
pressurcoi obtained from the combined analysis are lower, except near the crack
entrance region. At t - 300 V-s, two pressure peaks appear. At t - 325 Ws, three
pressure peaks appear. These pressure peaks are caused by the partial closure of
the gap. The deformation pattern of the propellant is quite irregular because
of the uneven distribution of the pressure along the crack surface. The elements
at the crack entrance are compressed by the high chamber pressure, which results
in the propellant being pushed into the crack. Since chamsber pressure increases
more quickly than pressure inside the crack, the propellant is pushed toward Zhe
lover pressure region inside the crack. The mechanical deformation of the
propellant causes narrowing of the crack width, and consequently results in a local.
crack closure. This local gap closure manifests itself in a pressure peak. The
localized pressure peaks or gap closures move along the crack. At t a 325 us, this
localized pressure phenomenon becomes evident at x/L - 0.167, 0.433, and 0.633.

CONCLUSION

The computer program for evaluating the coupling effect between convective
burning and structural deformation was developed by combining the Crack Combustion
Code and a Nonlinear Finite-Element Analysis Program. In structural analysis,
the linear viscoelastic material mo~del, together with the capabilities of simu-
lating ablating boundary and interpolating material responses, was considered.
Also, the coupling effect estimated by the combined analysis shows some signifi-
cant interaction between the combustion and mechanical deformation. This pheno-
menon will be verified further by future experiments.
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SYMBOLS

1. Combustion Analysis

A = cross-sectional area of crack
p

B - body force
x

b - co-volume

c = specific heat at constant pressurep

E - total stored energy

h - local convective heat-transfer coeffi-ient
c

h - local convective heat-transfer coefficient over propellant surfacecp

h - local convective heat-transfsE: coefficient over nor~propellant port wall

h, - enthalpy of combustion gas at adiabatic flame temperature

Ph - burning perimeter

p - wetted perimeter of port
W

p - static pressure

R - specific gas constant for combustion gases

rb - burning rate of solid propellant, including erosive burning cntribution
Lb

T - temperature (without subscript, static gas temperature)

Tf W adiabatic flame temperature of solid propellant

T - initial propellant temperature
pi

T = propellant surface temperature
ps

T - nonpropellant wall surface temperature
ws

u * gas velocity

Vgfa velocity of propellant gas at burning surface

x - axial distance from pro•pellant crack opening

y - perpr.dicular distance from propellant surface into solid

a• thermal diffusivity

S i

.. :a
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y - ratio of specific heats

- thermal conductivity

u - asn viscosity

P a density (without subscript, gas density)

T - shear stress on port wallw

T - normal viscous stress
xx

G - angle measure, in a counterclockwise direction, at lower side of
" propellant, degree

Subscripts

i - initial value

pr - solid propellant (condensed phase)

c - rocket chamber

2. Structural Analysis

Sij - stress deviators

eij = strain deviators

aij a stress tensor
G,G1 - shear relaxation modulus

K - bulk modulus

t
( )t a quantity at time t

(AO} - incremental stress

(Ae} - incremental strain

(a } - equivalent initial stress vector dus to viscoelastic behavior

[K] - stiffness matrix

[]T transpose of matrix

M - number of terms of series in relaxition modulus

IM"!,-

-, -. * _ , .
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80

gm • material constants in relaxation modulus

m 

=

{Av) - increment of nodal displacement vector

(DvE] - viscoelastic materiAl matrix

(B] - strain-nodal displacement transformation matrix

w• values of Gaussian variables at k-th integration point referred
to old element

wi' = values of Gaussian variables at i-th nodal point referred to
old element

(rk'3Sk') 3 local coordinates of k-th integration point referred to old
element

(yi~zi) global coordinates of i-th nodal point referred to new element

D a i-th nodal displacement referred to new element

D ' = i-th nodal displacement referred to old element

(r',s') = local coordinates of point in equation referred to old element
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APPENDIX B (Ref. No. 4)

EFFECT OF PROPELL\NT DEFORmATION ON IGNION
AND COMBUSTION PROCESSES IN SOLID PROPELLANT CRACKS*

M. Kumart and K. K. Kuoc

Department of Mechanical Engineering
The Pennsylvania Stete University

University Park, Pennsylvania 16802

ABSTRACT

A comprehensive theoretical model was formulated to study the develop-
ment of convective burning in a solid propellant crack which continually
deforms due to burning and pressure loading. In the theoretical model, the
effect of interrelated structural deformation and combustion processes was
taken into account by considering a) transient, one-dimensional mass,
momentum, and energy conservation equations in the gas phase, b) a trans-
ient, one-dimensional heat conduction equation in the solid phase, and
c) quasi-static deformation of the two-dimensional, linear viscoelastic
propellant crack caused by pressure loading. This set of coupled, nonlinear,
partial differential equations was solved numerically. Several regions of
partial crack closures were observed experimentally in narrow cracks
(-450 lrm). Predicted results indicate that the partial closures may genera.e
substantial local pressure peaks along the crack, implying a strong coupling
between chamber pressurization, crack combustion, and propellant deformation,
especially when the cracks are narrow and the chamber pressurization rates
are high. Predicted results for ignition front propagation and pressure
distribution are in good agreement with the experimental data. Both theore-
tical and experimental results indicate that the maximum pressure in the
crack cavity is generally higher than that in the chamber. It was found
that, under the conditions studied, the initial flame-spreading process is
not substantially affected by propellant deformation.

INTRODUCTION

High-energy propellants, which are used to obtain increased specific
impulse in rocket motors, generally contain high solids loading of energetic
materials, e.g., cvclotetramethylenetetranitramine (101). As the density

of solids in the propellant is increased, the probability that cracks and
flaws will develop in the propellant grain is also increased. Defects in
propellant grains can originate during manufacture, storage, or handling,
during ignitior. and combustion, or during loading vf different segments of
a segmented rocket.

The extent to which cracks can reduce the reliability of solid rocket
motors has been a major concern in the developoent of high-energy propellant

*This work represents a nart of the results obtained under the contract

NOOO14-79-C-0762 sponsored by the Power Program, Office of Naval Research,
Arlington, Virginia. The support of Dr. Richard S. Miller is appreciated.

t Assistant Professor

•Associate Professor
Approved for public release; distribution unlimited.
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grains. It is known that cracks iti solid propellant grain can allow hot,
high-pressure gases to penetrate the cavity, thereby-providing additional
surface area f or combustion. The phenomenon of such a rapid flame propaga-
tion into a propellant cavity and the subsequent rapid regression is called
convective burning. The convective burning rate often exceeds the normal
(conductive) burning rate. Mechanical deformation and crack propagation
may result when combustion processes inside the crack produce much higher
pressure than the designed maximum pressure. If the local pressure rise due
to the gasification is sufficiently rapid, it may produce strong compression
waves, or even shock waves, which can initiate detonation. The generally
understood mechanism o~f transition from deflagration to detonazion (DDT) is
given in Ref. 1. DDT is more likely to occur in gas-permeable propellants,
such as granular propellant beds or propellant grains with flaws or cracks,
which have large burning surface areas. Even if the convective burnir'g rate
does lead to catastrophic failure, the combustion inside the propellant
crack can cause the performance of a rocket motor to deviate significantly
from expectations.

Convective burning inside a crack is complicated because it involves
several interdependent processes such as a) pressure wave phenomenon,
b) convective heating of the propellant crack surface and subsequent flame
propagation along the crack, c) pressurization of the crack cavity due to
burning, which may result in flow reversal when the pressure inside the
crack exceeds that of the chamber, d) change in the crack geometry due to
burning, as well as mechanical deformation caused by pressure loading, and
e) propagation of the crack due to regression and mechanical fracture.
Parameters which may significantly affect the combustion process are: cham-
ber pressure and pressurization rate, geometry of the crack, erosive burning
effects due to high gas velocities, physicochemical properties of the pro-
pellant, composition of the igniter gas, and initial and boundary conditions.

This paper deals with the formulation of a comprehensive theoretical
model, which includes the effect of propellant deformation to predict flaume
spreading and combustion processes during the development of convective
burning in solid propellant cracks. Predicted results are also compared
Hwith some of thte experimental investigations 4  conducted by the authors for
model validation.

As mentioned earlier, convective flame propa~gation and subsequent crack
propagation/branching may lead to anomaloua burning or even DDT. Since the
propellant is deformable, burning inside a solid propellant crack is basic-
ally a coupled solid mechanics and combustion phenomenon. The combustion
phenomenon inside the crack is strongly influenced by the crack geometry.
The geometry, or gap-width, can be altered for the following two reasons:

1. Mass loss due to gasification or ignition of the propellant
surface along the crack during the combustion process, leading
to a vat iation in the geometry.

2. Mechanical deformation of the propellant crack due to a) pres-
sure loading on the interior surface of the crack, b) pressure
force of the combustion chamber acting on the Propellant grain
near the crack entrance, and c) stresses in the propellant,
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caused by temperature gradients in the grain, which may also
cause changes in the crack geometry.

Both burning rate and the mechanical deformation are governed by pres-
sure acting on the crack surfaces. On the other hand, a change in gap width
or geometry will cause pressure distribution to vary. Pressure distribution
will strongly influence deformations along the crack and stress concentra-
ion at the crack tip. It is obvious, therefore, that pressure and crack
geometry are strongly interdependent in a burning solid propellant crack.

Convective burning inside a solid propellant crack has been a subject
of interest in recent years. An extensive literature revie, •n this area
was recently conducted by Bradley and Boggs. 4 Belyaev et al. have compiled
most of the recent Russian work on convective burning and DDT. Both theore-
tical and experimental studies in the area of crack combustion have been
conducted at The Panasylvania State University. 6 -1 0 Convective burning
studies can be subdivided into two broad categcries: a) onset of convective
burning, and b) development of convective burning. This study is restricted
tu the deve!opment of convective burning in isolated propellant cracks. The
following paragraphs list some of the important research conducted in this
area.

Experimental and theoretical studies on the development of convective
burning are limited. Belyaev et al.11,12 made preliminary experimental
investigations of the development of combustion in single pores. Kuo et al. 6

developed a detailed theoretical model for predicting the developmeet of con-
vective burning in isolated propellant cracks. However, this model does
not include the mezhanical deformation of the crack during the development
of convective burning. Kim1 3 studied the possibility of shock to detonation
trauisition in propellant cracks using the model of Kuc et al. 6 and an
extremely simplified, one-dimensional, elastic model for propellant deforma-
tion. Pilcher 1 4 has also reported some computations conducted on a deform-
able crack, but has given no details.

High pressures present in the crack during the development of convec-
tive burning, as well as associated mechanical deformation and stress concen-
trations, may lead to crack propagation. Most of tha earlier work in the
area of crack propagation was done in the USSR. 15- Kirsanova and Leipun-
skii 1 5 examined the mechanical stability of propellant cracks, using steady-
state approximations. Only continuity and momentum equations were considered
in the gas phase. The erosive burnfug effects were ignored. 1he material
was assumed to be *lasto-brittle, and stress intensity was used to determine
the initiation of crack propaatlon. The stable "rack length obtained from
their simplified model was a function of the crack length, chmber pressure,
burning rate, gas enthalpy, stress intensity factor, end propellant density.
The autostabilization coneition -for the unstable burning crack was also
obtained.

A greatly improved analytical 'modtl for the umn problem was formulated
by Cherepanov.16 Be stated that if the cavity was sufficiently long and
narrow, the pressures it the crack vould reach a hbgh value and render the
system unstable. vean though his ga-phase aquarions contained nonstoady
terms, aevewal important terms were ignored. The propellant material was

I



assuned to be elasto-plastic, and the deformation process to be quasistatic.
However, Cherepano" did not solve the governing set of equations and, there-
fore, did not present any results. He obtained a stifficient condition for
the sLability of a steady-state problem.

I?

_elyaev et al. proposed modifications to the Kirsanova and Leipun-
skii 1 . modal and pointed out some of its limitations. It was noted that an
elasto-brittle material model cannot describe the visco-elastic character,
which is typical of solid propellants. They made maximum pressure measure-
ments in the crack, and accordingly changed the empirical correlation for
maximum pressure in the cavity. The maximum pressure in the crack was a
function of chamber pressure and the ratio of crack length to half-width.
They proposed that, depending upon the chamber pressure and crack geometry,
the stability of the crack can be subdivided into four regions: a) a region
of absolute mechanical stability; b) a region of practical stability; c) a
region of bounded growth; and d) a region of self-sustained growth.

18-20
Jacobs et al. studied the critical nature of cracks and debonds,

assuning a quasi-steady model. The propellant was considered to be linear
viscoelastic. They also measured the pressure distribution aliag the crack
surface under the condition of instantaneous ignition over the entire sur-
face. 1 9 The gar dynamics equations of Jacobs et al. are Inadequate because
they include numerous simpli"ications and assumptions. Other related studies
on crack combustion have been reported. 2 1 2 3 Takata and Wiedermann 2 2 , 2 3

have been investigating the Initiation of detonation Ln a propellant crack
by introducing the effect of stress wave interaction with the crack boundary,
and assuming a foam layer to be present on the propellant surface during
combustion. The propellant is considered to be linear, isotropic, elastic
material which does not yield or fail.

Numeroui studies, based purely on solid mechanics considerations,
have been conducted on crack propagation. All are based on quasi-static
crack propagation in viscoelastic material and use the concept of local
eaergy diseipation at the crack tip. Work on dynamic crack propagation is
currently underway, with Swanson4 0 reporting some progress in this area.
However, there is at present no theoretical model capable of realistically
predicting stress concentrations at the tip of a burning crack, which is a
necessary input for all crack propagation theories.

It is apparent that a theoretical model is needed to predict the devel-
opment of convective burning, while also taking into account the effect of
mechanical deformation. Such a mode] would also be extremely useful in
making realistic predictions of crack propagation; at present, these predic-
tions are based purely on solid mechanics considerations. Even though this
investigatien will not attempt to study crack propagation caused by mechani-
"cal fracture at the tip, the analysis and program developed here can be
extended easily for such a study.

The specific objectives of this study are:

1. To develop a theoretical model to study ignition, flame spread-

ing and convective burning in a solid propellant crack which
continually deforms due to burning and pressure loading.

LI
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2. To study the effecto of such parameters an chamber rressuriza-
tion rate, dP/dt, and crack gap width on the flame spreading
and combustion process in propellant cracks.

3. To test the validity of the theoretical model by comparing the
predicted results with the experimental data.

Actual propellant defects may consist of several irregularly branched
cracks. However, because of the complexity of physical processes involved
in the study of combustion in propellant cracks, and for mathematical tract-
ability, this investigation Is limited to a single isolated crack.

ANALYSIS

DESCRIPTION OF PHYSICAL MODEL

A schematic diagram of the physical model chosen to simulate a propel-
lant crack is shown in Fig. 1. The location of the crack is normal to the

Solied P"ua•it

OLzectloa Crack of lareiabi.
Ln the
Meamber

V•lue 1 ¶csintc Otiaerm at the Phtyscal fedal

main flow direction in the combustion chamber or in a rocket motor. The
current analysis is applicable to a crack of variable geometry. However, in
order to closely simulate the assumptions of the physical model, and for ease
of menufacturing a reproducible propellant crack, specimens used in the
experimental study were of uniform rectangular cross-section. A schematic
diagram of the propellant crack geometry used in the experimental investiga-
tion is shown iu Fig. 2.

As the hot combustion gases flow through the main chamber, a portion of
the gases is driven into the crack because of the pressure gradient. And aa
the hot gases flow over the propellant crack, energy is transferred from the
gas to the propellant. The rate of heat transfer to the propellant deprv.c3
upon the locai temperature, velocity, and density of the gas, and the temp-
erature of the propellant surface. The heat transfer may cause the
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propellan. to ignite. As additional gases are driven into the crack, the
density and velocity increase further, resulting in a faster flame propaga-
tion along the crack. As the ignition front moves downstream, more hot gases
ar- generated by combustion of the propellant surface, causing local pressure
to increase. At the same time, the deformation of the propellant will also
alter the pressure. The net result of these two opposing and interdependent
phenomena determines the local pressure.

BASIC ASSUMPTIONS

The following basic assumptions are made in the derivation of the theo-
retical model:

1. The gas-phase reaction zone is considered quasi-steady. In
other words, the relaxation time associated with the flame
is much shorter than that asso'ýiated with transient pressure
variation; therefore, the flame adjusts itself immediately
to chamber conditions.

2. The deformation of the propellant is quasi-steady, that is,
the mechanical deformation of the propellant can be obtained
by using a static analysis.

3. All chemical reactions occur near the propellant surface in a
very thin planar zone, and the distance of the combustion zone
from the propellant surface is small when compared to the crack
Sap width.

4. The bulk flow of the gases in the pore is considerLd to be one-
dimensional.

5. The gases present in the propellant crack obey the Noble-Abel
gas law.

- lir %A
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6. The propellant surface temperature is uniform, and Lhe thermal
properties of the propellant are constant.

7. The propellant can be represented by a linear viscoelastic
material model; the material is assumed to be isothermal,
homogeneous and isotropic. The propellant grain is two-
dimensional, with no mechanical fracture at the crack tip.

The validity of assumptions 1 and 2 can be shown by comparing the char-
acteristic times associated with pressure variation, gaseous flame zone, and
compression wave propagation through the propellant grain. In the crack
combbustion experiments, the typical time associated with the pressure excur-
sien, T , is in the order oa 1 ms. The other characteristic times are evalu-
ated as follovw:

- v , m (fW

pr/bz prpr p

where T is the characteristic time associated with the soll.d phase, and is
given by

Te at r 0 (1 ms) (2)
prb

Since 0(c )/(X c 0(1), and (p/0 0(.01), We get Ta 0(.01 ma).
pr pr p prg

The time associated with the stress waves in the solid is

web thickness 0(.01 m) 0(.01 a)
v stress wave propagation speed 0(viT) 0(2000 m/s)

=U(5 08) (3)

Since T and TV are both <<r , the quasi-steady assumption of the flame
zone and meclanical deformation ale valid. The value of T calculated from
the shear modulus will be an order of muagnitude higher; however, it will

still be smaller than T . Assumption 3 is reasonable for AP-based composite
solid propellants in thl pressure range of interest. Even though the heat
release zone is distributed, the diffusion flame stand-off distance Is
usually in the order of 50 Us, and is small in comparison to the gap width
(gap widths are in the order of 500 umn in the present experimental investi-

gation).

Assumption 4 is well Justified for the crack dimensions used in this
investigation. The crack length to hydraulic diameter ratio was approxi-
mately 100. The dense gas relation (assumption 5) can adequately describe
the departure from the ideal gas law at high pressures. Assumption 6,
employed for mathematical simplicity, allows the uce of a one-dimensional
transient heat conduction equation for the solid. Since the thermal wave
penetration depth is of the same order of magnitude as the oxidizer particle

size of the propellant, the actual heat transfer process is three-dimensional.
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However, researchers in the field have not yst investigated the three-
dimensional treatment of the heat condtiition process in composite solid pro-
pellants because of the complexities associatrcd with the three-dimensional
structure of oxidizer crystals and fuel bind...r* and the fact that numerical
solutions are cumbersome and time consuming.

Most of the solid propellants can be well characterized by a visco-
elastic material model.24- 4 0 For simplicity, the viscoelastic material
model was assumed to be linear. Even though the assumption of isothermal
condition for material response is not strictly accurate, it is a good
approximation, 3ince the thermal wave penetration depth is less than 100 pm.
Fracture of the propellant at the crack tip was considered beyond the scope
of the present investigation, since it is a vast subject area in itself.
The viscoelastic nature of the material, i.e., the time dependence of the
relaxation modulus, may not be very significant during the period of experi-
mental test firings of this study because the stress relaxation time is much
greater than the transient pressure variation time. Tndeed, the analysis
and model developed here are applicable to a wide variety of operating con-
ditions and are not simply limited to the experimental test conditions of
this study.

In this analysis, ignition is defined as the attainment of a critical
temperature st the propellant surface. It is assumed that no solid or gas-
phase reaction takes place before onset of ignition. The tacit assumption
is made here that there is little time between the attainment of a critical
surface temperature and the reaction between the fuel and the oxidizer
species to cause ignition.

CONSERVATION EQUATIONS

To formulate the theoretical model, we first write the unsteady, vari-
able area, one-dimensional gas-phase conservation equations for reacting
compressible fluid flow. The conservation equations are:

Mass Conservation:

-+ -r I- ) r (4)
at )x rb pr b

Momentum Conservation:

x1

;x ~o p 0
• 'i

-PT cos 0 + PA B -(pr v si0-w w w p xB - (nprrb b)gf w

(5)

-- J
~ r -
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Energy Conservation:

-'-•(, E) +- (OA uE) p (ApPU)

. ,.x x p 0prrb bhf

-h Pb(r-Tps + BPAu

h Q (P-P ) (T-Tws (6)

An order of magnitude analysis was made; the terms crossed with arrows
in Eqs. (5) and (6) were found to be much smaller than the others, and hence
were dropped.

Equation of state for the gas-phase:

P(1 -b)- RT (7)

Equation for stress equilibrium in the solid-p'iase (neglecting body
force):

r0 :}j

Constitutive law for linear viscoelastic material:

I. .

_1'
Sj~td

U ij~r W G 1(t-T) ý-r ij (T) dT

It dek 9

ij G1(t-T) d dT + ij K kk (

The transient heat conduction equation for the solid-phase, before
ignition:

aT a2 T

at pr (10)

The initial and boundary conditions for Eq. (10) are:

T (O,y) T (11)
rpi
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T (t,T) = T (12"
pr pi

;T h h(t)
pr (tO) [T(tJ)-T (t)] (13)Dy Xpr ps

After rearranging the gas-phase conservation equations and making some
simplifications, velocity-variation, temperature-variation, and pressure-
variation equations were obtained. These equations were found to be totally
hyperbolic in nature. 4 1

The gas-phase and solid-phase equations were solved separately; this
is justified because of the quasi-steady assumption. Details of numerical
scheme for solving the gasdynamics equations and the solid mecharics equa-
tions are given in a later section.

INITIAL AND BOUNDARY CONDITIONS

Ini.tial and boundary conditions must be specified -in order to complete
the theoretical formulation. The three initial conditions necessary for the
solution were specified as

u(Ox) u1  (14)

T(O,x) Ti (15)

P(O,x) - P (16)

The number of physical boundary conditions that can be specified
depends upon the flow conditions at the opening of the crack. When the
gases flc% into the crack at a subsonic speed, the boundary conditions are

P(t,0) - P (M) (17)

T(t,0) - Tc(t) (18)

u(t,x ) = 0 (19)

When the gases flow out of the crack, and the outflow is subsonic, only
one boundary condition can be specified at the crack opening. The boundary
conditions are given as

P(t,0) P C(t) (20) I
u(tx) = 0 (21)

When the gas flowing out of the crack is supersonic, nc boundary condition
can be specified at the crack entrance. In such a case, the only specified
boundary condition is

u(t,x) 0 (22)

-~ (22) 4~~-.
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For turbulent flow, the final expression for h -0I1

fi C - 0.0346 Pr-06 C p(Pu/R) 0.8 VkO,2 Tof-O.67 (xdI)-O.1 (24)

Before local ignition, h - 11 h . after local ignition, h = o. rhe
Prandtl numer in Eq. (24^lis cfculaied from Sveila's equationcp44

Y (25)
Pr T. 177y - 0.45

The correlation for the friction coefficient for turbulent flow used in
this study is

0.4491 (d /X) 0.1

1n F-s _ _ _ __[/ch +1. 4 6RV kT af 1. (d 1 /x)~ 
2 (6

where F s/d is t.,e relative equivalent sand roughness. This expression is
actually a modified form of the well-known Colebrook formula 4 7 ,48 for turbu-
lent flow in pipes with roughness. Entrance effects are taken into account
by modifying the friction coefficient by a power function of the distance-to-
diameter ratio (the original Colebrook exptession was obtained for x/d > 20).
Additionally, Eq. (26) implicitly accounts for the temperature dependence of
the gas density and viscosity, each evaluated at the average film temperature,
T a After Lhe propellant surface begins to burn lofally, the value of the
fraction coefficient is set at zero, due to the attenuation of wall shear
stress caused by surface blowing.

The burning-rate expression is obtained from the strand burning rate

data and is given by

rb aPPn (27)

The effect of erosive burning is taken into account by using either the ero-
sive-burning augmentation factor obtained by Razdan and Kuo,49,•0

n n1
rb - aPn (1 + K(P) P(u) u1  (28)

or the Lenoir-Robillard burning-rate formula, 5 1

rb - apn + Kehc exp (-6 rb opr/1 C) (29)

NUMERICAL SCHEME FOR GASDYN.IICS EQUATIONS

An implicit finite difference scheme is used to solve the nonlinear
coupled partial differential equations. A central difference method was
used for the derivatives. The predictor-Lorrector method was used to handle
the non-linear nature of the governing equations. A quasilinearization
method was used to linearize the inhomogeneous terms of the governing

* - *-." ",-*--... ,-



103

equations. The set oa finite difference equations Lhus obtained is solved
simultaneously, using a block t-idiagcnal matrix Inver.ion mnthod.

Six boundary conditions are required when the central difference method
is used for spacewise derivatives. Th'is is the cahe because the differeLLce
equations fur the first-order spatial derivative obtained by using this
method correspond essentiall.y to the iecond-crder partial differential equa-
tion. 52 The extraneous boundary condrtions needed for the solution of the
finite difference equations are derived from the compatibility relationships
at the boundaries. These relatdonships were obtained by transforming the
governing hyperbolic equations into their characteristic form. The equations
determining the extraneous boundary conditions are all first-order, ordinary
differential equations. They are simultaneously integrated, using a fourth-
order Runge-Kutta integration technique.

The extraneous boundary conditions used are as follows. When the gas
flows into the crack, In addition to the physical boundary conditions (17)
to (19), the three extraneous boundary conditions required are velocity at
the crack entrance, and pressure and temperature at the crack tip. When the
gas flows out of the crack subsonically, the four extraneous boundary condi-
tions necessary are pressure and velocity at the crack etitrance, and pressure
and temperature at the crack. tip. When the gas flows out of the crack super-
sonically, the five extraneous boundary conditions needed are pressure,
temperature and velocity at the crack entrance, and pressure and temperature
at the crack tip.

NUMERICAL SCHEIE FOR SOLID-PHASE HEAT EQUATION

The governing partial differential equation for the solid phase, Eq. (10),
was solved by using an implicit finite difference technique with a variable
mesh system. The variable grid spacing provides finer grid spacing near the
surface. The central-difference method was used to approximate both time and
spatial derivatives. The resulting set of simultaneous algebraic equations
was solved by using a standard tridiagonal matrix inversion method.

NUMERICAL SCrIEME FOR STRUCTURAL ANALYSIS

Mechanical deformation of the propellant was obtained by using a general
purpose structural analysis proIsam which is called the Nonlinear Finite-
Element Analysis Program (NFAP) . This is gn5 •xtended version of the Non-
linear Structural Analysis Program (NONSAP) ' . Since NONSAP is well-
documented and easily accessible, details of the numerical procedure used in
NONSAP will not be repeated here. NFAP was modified and consolidated to suit
the needs of the present study, and for computaitonal storage efficiency.
Three major features added to the numerical formulations are: 1) modeling of
the viscoelastic material behavior, 2) simulation of the ablating boundary,
and 3) treatment of the material response by an interpolation scheme. Details
of this formulation can be found elsewhere. 8 , 56

To test the numerical procedure developed in this section, the modified
version of NFAP was used to compute several viscoelastic problems for which
exact solutions are known. The agreement between the NFAP solution and the
exact solution is excellent. Details of these comparisons are given in Ref.
56.

. .. ' .-
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The extraneous boundary conditions ne*j.d to solve the equations are obtained
by using the characteristic equations.

A schematic diagram of the boundary conditions for two-dimensional
structural analysis is shown in Fig. 3. Because of the symmetry of the crack
specimens (see Fig. 2), only half of the crack is considered. All surfaces
of the propellant are either pressure-loaded or have fixed boundaries. The
propellant surface exposed to the chamber experiences the chamber pressure,
P (t), whereaas the surface along the crack experiences the local pressure
along the crack, P(t,xý. Due to the symmetry along the center line of the
crack, the propellant boundary at the tip is allowed to have deformations
only along the axial direction. Along the surfaces of the propellant in con-
tact with the brass mold, the boundaries are assumed to be fixed.

Osly Axial Diaplacemet

Fixed la•eary

vilture 3 soundary caiitioas tor a Test specim.

DUPIRICAL CORRELATIONS

To close the system of governing equations, empirical correlations are
needed for the heat transfer coefficient, drag coefficient, and burning-rate
law. The units of the vdri&ales in the following correlation are in cgssystem, and the units of prc.ssure are in gf/cm2.

The correlation for the local convective heat transfer coefficient, ,

is deduced from the Dittus-Boelter correlation for flow in a pipe. The
effect of the entrance region is taken into account by using a power function
of length to hydraulic diameter ratio. 4 2 ,•' The gas properties are evaluated
at an average film temperature, T , to take into account the variation of
the physical properties of the ga.across the boundary layer. The dependence
of viscosity on temperature was included, usiag Svehla's expression44 for
viscosity of air at high temperature. Bartz has sh~yn good comparisons
between Svehla's equation and the published NBS data. Svehla's expression
for viscosity is

0.65
"VkT (23)

where V 8.699 x 10 - 7 M0.5
k v
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NUMERICAL PROCEDURE

Of the several interdependent gasdynamic and solid mechanics processes
that may influencr combustion behavior in a propellant crack, the coupling
between the pressure along the crack and the structural deformation was con-
sidered to be the most important. Other coupled processes, such as thermal
stresses due to the temperature gradient in the solid, variation in burning
rate due to compression of the propellant, etc., were considered to be of
secondary importance and were ignored in the present analysis.

The generaX layout of the numerical procedure is shown in Fig. 4. Pres-
sure is calculated by the gaedynamic portion of rhe computer program at each
nodal point on a one-dimensional grid along the length of the crack. The
convective burning analysis of the crack combustion incorporates the crack
geometry variation caused by both mechanical deformation and mass loss
through gasification of the propellant surface. Once the gas-r se equations
are solved, and pressures and burning rates along the crack ar •.alculated
for a particular time t, program control is transferred to the structural
analysis (NFAP) portion of the combined program. NFAP reformulates the geom-
etry because of the material loss, and updates the stiffness matrix for the
new time step. Surface elements of the finite-element mesh are loaded with
the pressure obtained through the gas-phase equations. The propellant de-
formation is calculated in NFAP using a static analysis at time t. The
general stress-strain equations are solved using a plane-strain analysis;
this is congruous to the experimental tist configuration. The transient

nature of the pressure loading is considered by using a static analysis at
incremental time steps.

Figure 5 is a diagram of the finite element grids used for the structure
analysis and the finite-difference nodes used for the gas-phase solutions.
The configuration is compatible with the geometry considered in the theoret-
ical model as well as with that used in the experiments. Two-dimensional,
eight-node, isoparametric, quadrilateral elements were used to model a
sample crack. Because of symmetry, only half of the crack needs to be con-
sidered. Of the eight nodes in an element, four are located at the corners,
and one at the midpoint of each side. Except near the tip region, the finite-
difference nodes used for the gas-phase solution are in a one-to-one corres-
pondence with the finite-element nodes which form the propellant surface in
the two-dimensional structural analysis mesh. This is helpful in reducing
the computational effort in transferring the values from the finite-difference
nodes to the finite-element grids, and vice versa.

RESULTS AND DISCUSSION

EXPERIMENTAL RESULTS

Figure 6 shows a schematic diagram of the test configuration used for ,
detailed observation of the flame front. The crack is formed between a pro-
pellant slab and an inert, transparent plexiglass window; the crack is
perpendicular to the direction of flow in the main chamber. This type of
configuration provides direct (front view) observation of the ignition front
propagation and burning propellant surface, even for very narrow cracks.
Most of the experimental results were obtained with cracks formed by cutting

-r!'1~~r
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a slot of desired width in a propellant slab (see Refs. 2 and 3). Details
of the experimental setup and experimental results are Riven in Refs. 2 and 3.
The entrance of the crack gap is rounded to facilitate the gas penetration.

Figure 7 presents a sequence of pictures obtained from a test performed

on a 183 mm long, narrow crack (6 1 455um). The framing rate in this case
was 36,700 pictures per second. The crack configuration is the same as that
shown in Fig. 6. It was observed that when the %rikith of Lhe crack gap is
very small (< 500 um), partial closure of the crack occurs due to propellant
deformation. This partial closure first appears near the entrance. As time
progresses, the closure region moves downstream and a second partial closure
region develops near the entrance. This process continues; at times, three
or four such partial closures are observed simultaneously (for initial gap
widths of the order of 450 jim). Usually, at the moment when the third closure
develops at the entrance, the second ane first are located, respectively, at
approximately 20% and 50% of the crack length from the entrance. Later, as
the combustion process becomas more pronounced, the partial closure regions
disappear as a result of both propellant regression and higher pressure in
the cavity.

The entire process is believed to be the result of deformation caused by
high pressure acting on the propellant surface exposed to the chamiber, and by
the complex interaction between propellant deformation and pressure distribu-
tion in the crack cavity. Propellant surfaces exposed to the chamber are
compressed by the high chamber pressure, which results in the propellant being

.V



- -- -. - �---- ----------- - -

IOR

1�

0

U

0.

�

0 I
�- .�

1.4
1.. U

0. c�O

1..O
'I. *-
�J :3
�
'.4 �

0.

I-

-j

II

'-4

00
�

'-4

�

- C,,

I,

'I



109 I OI

pushed into the crack. Since pressure increases faster in the chamber than
in the crack, during this initial pressure transient, the propellant is
pushed toward the region of lower pressure inside the crack. The mechanical
deformation of the prorellant causes narrowing of the crack gap, and conse-
quently rtsults in local crack closure.

THEORETICAL PREDICTIONS AND COMPARISONS

The important physical propertie& of the two propellants studied are
given in Table I. Numerical values of the input variables used in the pre-
dictive program are listed In Table II. The recorded pressure-time trace
near the crack entrance was used as an input. The temperature of hot qases
in the chamber was assumed to be the adiabatic flame temperature of product
gases froot the igniter. An estimate of heat loss indicated that it is less
than 3% of the chemical heat release; therefore, this assumptip is justified.
The flame temperature for propellant A was obtained from Price of NWC; for
the other propellant, it was computed from the CEC 72 thermochemistry
program. 58

TABLE I Propellant Properties

Propellant Type A

Composition AP-hased AP/PBAA-EPON

WeighL percent of jxidizer - 75

Average particle size, d., "M - 76

Pre-exponetial factor In Saint Robert's 1.62 0.9591
burning rate law, a, mm/s/(atm)n

Pressure exponunt in Saint Robert's .4108 .41
burning rate law. n

Flame temperature, Tf, K 3000 1920

Propellant density, kg/m3  1710 1600

The calculated pressure distributions at various times for a typical
test case for Propellant A are shown in Fig. 8. Results are presented only
for the initial rapid pressure rise portion, since that is the region of 4
interest for this study. The average pressurization rate at the crack en-
trance was 1.75 x 105 atm/s. During the initial period, a traveling pressure
wave is present in the crack cavity. This wave moves toward the crack tip
and is reflected from the tip, resulting itn igher pressure near the tip at
t w 0.6 ms. As time progresses, the overall pressure in the crack cavity
continues to rise. This is the resulc of a combination of two simtltanecus

.J. -
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TAILE t1 NWieerical Values of tnpat VirTable*

Variable Untas Propellant A Propant a

x - 0.0 0.0

- 195.0 195.0

N H/kS 0.0 0.0

b vi 3 !kS 1.0 x 10-3 1.0 x 10"3

kgIkaole 1.10 20.381

y - 1.21 1.26
Sks/a3

kgim 1710 1600

X kca1s-m-K 0.8 10-4 0.5 x l0o

a 2 2/S 0.18 x 10-6 0.11 x10-6

/dh -. 025 .025

T K 3000 1920

T sg K 850 850

TK 295 295

(=/s)u/l(atm)n 1.62 0.9591

0.4108 0.41

K a 3 -K/kcal 0.70 x 10"-

8• - 53

T K 1920 1920
C

Ga Ict 1.4.4136 -. 095C Same as A

K acm 47619 47619
-n -n -4

(•* (.Ma) P(M/ 1 ) U - 2x 10

n- - 0.705

n- - 1.252

*Defined in Eq. (28)

-m ( 2)
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processes: a) a continuous increase in chamber pressure during this period,
and b) mass addition due to burning of the crack wills. After about 0.8 us,
the pressure in thu crack becomes more uniform hecause the rate of increase
of chamber pressure has become quite small, and the Ignition front has prop-
agated to the tip. It should be noted that as time progresses, the maximum
pressure in the crock cavity becomes higher than that in the chamber.

Predicted velocity distributions at various times are plotted in Fig. 9.
At t a 0.1 ms, velocity in the latter half of the crack is almost zero.
Because the initial favorable pressure gradient causes the gases to acceler-
ate, the gas velocity at any axial location increases continuously until
t a 0.5 as. The adverse pressure gradient generated by the compression wave
reflection at the crack tip causeu the gases to decelerate. Since velocities
continue to decrease after 0.5 us, only one velocity distribution between 0.5
and 1.0 ms is shown in the figure to avoid confusion. At 1.0 mas, velocity
in the entire crack is negative, i.e., gases flow out of the crack since
pressure throughout the cavity is higher at that time than the pressure in
the chamber.

Calculated temperature distributions at various times are shown in Fig.
10. During the initial period (t a 0.1 as), a steep temperature gradient is
present. This is due mainly to the fact that the initial increase in the
temperature in the cavity is caused by hot gas penetration. Since the gas
velocity in the second half of the crack is nearly zero at 0.1 ms, the ten-
perature in that region is also equal to the iniLial temperature of the gas.
As the propellant starts to burn, the temperature in the crack cavity begins
to increase, and is dominated by the flame ter- rature of the propellant.
Since the flame temperature of propellant A is digher than that of the igniter

gases, and also there is a compression effect in the cavity, maximum temper-
ature in the crack is higher than that in the chambur.

Variation in the port height (2 half of the gap width) at various times
is shown in Fig. 11. The initial geometry of the crack is shown by the
dashed line. Because of the rounding of the crack entrance, the gap width
at the entrance is large. During the initial period, the high chamber pres-
sure acting on the crack surface exposed to the chamber causes the propellant
near the crack entrance to be pushed inside, resulting in a decreased port
height near the crack entrance. At t - 0.6 ms, the t are two minimum gap
widths; the second is due to the effect of compression wave reflection in the
gas phase (see Fig. 8). As time progresses, lowtver, the pressure in the
cavity exceeds that in the chamber, and the pr'optlant continues to burn; the
net result is an increase in the port height .c 1 0 mns.

Comparisons of predicted and measured pressu're-time traces at x - 48,

138, and 188 mn are shown in Figs. 12, 13, and 14, respectively. The pre-
dicted values are in good agreement with the experimental data. The steep-
ening of the pressurization as it moves along the crack is evident from both

the predicted traces and experimental data. The effect of the increase in
pressurization rate is most pronounced near the tip of the crack. This is
due to the combined effect of coalescence of the compression waves and steep-
ening of the pressure front caused by gasification of the propellant behind
the front.

921 1 . I
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Comparison of predicted and measured ignition-front lorations for var-
ious pressurization ratcs is shown in Fig. 15. IL can be seen that the
model predicts the locacion of the igniton front quite well except very
close Lo tile tip. Near thu tip region, the model overpredicts the decele'c-
ation of the ignition front. This is believed to be caused by the one-
dimensional assumptiun in the model. The one-dLmensional assumption is
inadequate to describe the flow near the tip. Since thie calculated veloci-
ties near the tip are small (sea Fig. 9), both the gas temperature (see Fig.
10) and heat transfer coefficient are low; heat transfer to the propellant
is, therefore, quite small. [in an actual case, the presence of a secondary
flow near the closed und will produce higher rate of heat transfer to the
propellant, resulting in less pronounced flame front deceleration. It is
believed that the discrepancy between the predicted and measured ignition-
front locations near the tip region of the crack can be alleviated if the
effect of enhanced heat transfer near the closed end can be incorporated into
the model. It should be noted that, under the conditions studied, the initial
flame-spreading process is not substantially affected by propellant deforma-
tion.

Figures 16 and 17 show calculated pressure distributions at various

times for cases in which propellant deformation becomes very important. For
results shown in Fig. 16 (Case 1), the chamber pressurization rate was
3.8 x 105 atm/s and the gap-width was 0.51 mm. Only those curves of interest
are shown, and for ease of explanation, they are not superimposed. Between
t = 0.25 and 0.275 m,,, the pressure in the crack shows a wavy distribution
which corresponds to the deformation pattern. During this period the crack
gap at the entrance is extremely small (partially closed). At t - 0.3 ms,
high pressures in the chamber and at the crack entrance cause the partial
closure to move to x/L = 0.1, the gasification in che minimum flow area
region results in a local pressure peak. The localized high pressure at
x/L - 0.1 causes the propellant to deform; the region of parcial gap closure
..... . eo-to x/L = 0.2, resulting in a substantial increase of local pressure.
The subsequent closure results in a zero gap width and causes the gas dynamic
solution to blow up. The predicted movement of the partial gap closure is
qualitatively similar to that observed experimentally (see Fig. 7).

Case 2, E in in Fig. 17, was computed for a pressurization rate of
5 x 105 atm/s and an initial gap width of .89 mm. Before 0.475 ms, the
partial gap closure occurs near the crack entrance. Similar to case 1, both
the high pressure near the entrance in the cavity and that acting on the
side walls of the propellant exposed to the chamber cause the partial gap
closure to move downstream. This area reduction and the continued gasifi-
cation process result in a pressure peak near x/L - 0.17 (at 0.475 ms). At
0.5 ms, two regions of partial gap closures are obtained, resulting in pres-
sure peaks at x/L = 0.1 and 0.27, respectively. As the pressure peak moves
downstream, another gap closure develops near the entrance at 0.525 ms. This
type of process continues in a repeated manner as shown by the distributions
at t - 0.525 ms, 0.55 ms and 0.575 ms. Once again, these results qualita-
tively explain the behavior of the partial gap closures observed experimen-
tally.

Results obtained here indicate that closure of the crack gap, which may
initially oLcur at the crack entrance because of small gap widths and high

4 ,
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chamber pressures, may propagate along the crack and r,.stilt in local pres-
sure peaks. The gap closure is not observed for crackq with larpe gap
widths or at low chamber pressures because propellant deformatinn under these
conditions is small and does not affect the ignition process s'bihtantially.
Gap closures and zesulting pressure peaks can strongly infltience the convec-
tive burniig process in the crack and may contribute to the deflagration-to-
detonation transition process.

SUZIARY AND CONCLUSIONS

This research program was undertaken to investigate the development of
convective burning in solid propellant cracks which continually deform due
to burning and pressuire loading. Both theoretical and experimental methods
were employed to stuidy the flame spreading and combutstion processes in pro-
pellant cracks. In the theoretical model, the effect of inter-related
structural deformation and combustion phenomena was takr.n into account by
considering a) transient one-dimensional mass, movientuim, and energy conserva-
tion equations in the gas phase, b) a transient, one-dimensional heat conduc-
tion equation in the solid phase, and c) quasi-static deformation of tihe two-
dimensional, linear-viscoelastic propellant crack due to pressure loading.
This set of coupled, nonlinear, partial differential equations was solved
numerically. The gas-dynamic equationswere solved using a finite difference
analysis and the structure mechanics equation was solved using a finite
element analysis.

Several important observations and conclusions from this study are sum-

marized below.

1. Results indicate that coupling between chamber pressurization, crack
combustion, anti prop~ellant deformation i,- quite important, ý-.pecially in

the case of very narrow cracks, and for high chamber pressurization rates.

2. Several regions of partial gap closures were observed experimentally
in narrow cracks. Calculated results show that these partial closures may
generate substantial local pressure peaks along the crack. The gap clo-
sures generally do not occur in the case of large gap widths or low chamber
pressures.

3. The initial flame-spreading process, or the time for the ignition
front to reach the crack tip, is not substantially affected by propellant
deformation. However, structural deformation may significantly affect the
pressure distributions along the crack.

4. Both theoretical and experimental results show that, in general, the
maximum pressure in the crack cavity is higher than that in the chamber.

5. Except near the crack tip region, predicted rc1ults for the ignition
front propagation are in good agreement with experime'ntal data. Predicted
and measured pressure distributions are also In good .,greenent.
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NOMENCLATU RE

Symbol DescrijLioon

A Cross-stctional area of the crack, m-
p

A pXSpatial chiangv of cross-sectional area of crack with respect
to the axial distance, m

a Pre-exponential factor in the nonero. ive huruing rate lau:,
apn, (mml/s)/(atm)n

B Body force, N/kg

X

b Co-volume, m3 /kg

c Friction coefficient, 2&g /u2

K f ' w
c Specific heat at constant pressure, kJ/kg-K

P

dh Hydraulic diameter of the crack, ni

E Total stored energy (internal and kinetic), kJ/kg

Ea Activation energy for surface reactions
ai

Relaxation modulus, kPa or arm

T Local convective heat-transfer coefficient, kJ/m -s-K

Local convective heat-transfer coefficient over the propel-

lant surface, kJ/m2 -s-K

hw Local convective heat-transfer coefficient over non-
•cw propellant port wall, kJ/m -s-K

K Bulk modulus, kPa or atm

K Erosive burning constant, m -K/kJ
e

L Length of the crack, m

H Molecular weight,, kg/kmole

n Pressure exponent in the non-erosive burning rate law

P Pressure, kPa or atm

P Prandtl number

P b Burning perimeter, m

inj.
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P Wetted perimeter of the port, m

R Specific gas constant for the combustion gases, N-m/kg-K

Re Reynolds number

rb Burning rate of the solid propellant, including the erosiveburning contribution, tm/s

T Temperature (without subscript, static gas temperature), K

Taf Average film gas temperature, (T + T ps)/2, K

T f Adiabatic flame temperature of the solid propellant, K

Tpi Initial propellant temperature, K

T Propellant surface temperature, Kps

Ts weNonpropellant wall surface tmperature, K

t Time, s

u Gas velocity, m/s

Vk The coefficient in viscosity-temperature relation

Vgf The velocity of propellant gas at the burning surface, m/s

x Axial coordinate, m

XL Position at the end of crack, m

x Axial distance along the crack at which propellant begins, ni

y Perpendicular distance from the propellant surface into the
solid, m

Greek Letters

a Thermal diffusivity, m2/s

B Erosive burning exponent

Y Ratio of specific heats

6 Gap width of the crack, m

Strain tensor

s Surface roughness, r

X Thetmal conductivity, kJ/m-s-K

Or~g
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Stress tensor

4 Gas viscosity, kg/m-su

0 Density (without subscript, gas density), kg/m 3

ST Characteristic time of the gaseous flame

T Transient pressure variation time (characteristic time of
P the pressure variation)

T s Characteristic time of the unburned solid phase

Tw Shear stress on the port wall, kPa

Normal viscous stress, kPazx

e Weighting parameter

e Angle measured, in a counterclockwise direction, at the lower
V side of the propellant, degree

Suuscripts

c Rocket chamber

cri Critical condition for suface ablation

off Effective

9 Gas

i Initial value

ign Ignition condition

pr Propellant

ps Propellant surface
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APPENDIX C
(Ref. No. 5)

"tMPRUVLV P'RIbICTIJN OF FLAME~ SPREADIIVI DU~RING

CONiVECTIVE BUIJNINC IJ SOLID PROPELLANT CRACKS

S. M. Kovzicic,* M*. Kumar, tand K. K. Kun*
Department o f Mechanical1 Et.gi neering

The I-enrisy vani a S:tate Unlivers ity,
University Park, Pennsylivania

The development of convective burning in solid propfel1ant
cracks was studied both theoretically and experimentally.
Comparison oC thie exper'itnenta1 results of' flame spreading with
the theoretical preuiction3 of the previous crack ccinibustion
model (Fumaz' and1 Kuo 1980) showed good comparison excej~t near

Hthe crack tip. rhe rnod-ol was; modified to Include a) the
U effect of pressure-wave reflection neat, the crack tip on local

iignition, b) the efft.-t ct flow recirculation In the crack-tip
region un local heat transfer to the solid propellant, ftni
c) turb'ilent transport terms In the Favre-averaged conservation
,fluations along the crack. Predicted flame-spreadingr ratesIiobtained from theý m;odified mode-, showed good agreement withexprimenta]. data, ir.'iiating si.?nfifcant im rovement. (nea
the crack cip) Liver predl.:tions of the previcus model. The
inclusion of turbulent trunspurt terms along the leng~th of the
crack did not 2ig~nlficaritly affect, the flame -spr'eadln rg process.
Resul.ts at' thiz study indIl:atv that the effects of cumnpression-
wave refl1_ction and rf~cizcilaticn are iimpc~rtant In the Qrack
tip rcn

INTRODUCTION bustion of propellaint cracks are: gas
penetratton into thea crack, convective

deveop racs an flws.Thes crcks pvior to Ignlticn. flame propa~ation
or vods my becausd bydefets I the crack, Increased pressure in
the anufcturng poces, thrmalthe crack cavity due to rnenetratio~n of
stresesthatoccr duingcurig, he roduct gases and gasification associ-

efecie duraing hadring atodageandamr- ated with propellant burning, flow re-
receveddurng hndlng nd ransor- versal when pressure In~side the crack

tation, and thermal and mechanical exneeds that orf the main chamber, change
stress during combustion. The cracks in crack ,'cometry, due to burning as well
or flaws degraie the mechanitcal pro- as mechanical deformation, and propaga-
perty and structural irntel.-rity ot' the tion of the crack due to grain fracture.
grain. At the same t line, they provide TIhe governing r-ararreters which have been
additional surface area f,;v ciabustion. found to Influence 2onvzective turning
Burning within cracks may result In f 1-17) are: chamt.t.r pr'essure and pres-
increased presfiure In the 2auvltt; the zcrliz'tlon rate, r7,Lom-try of the ciracIl,
increased pressure miay ýauu.-. crack prco- Lhe effects or eros i.- burnlnig -.aused
pagation, developmerit 7;1 strong corn- L! htv~h-velocity ~rases present in the
pression waves avd posjibleý 1;tneration TZack, physicoch~mn~cal properties ofI
of shock waves which Lould .Žause deton- the propellant, comnposition and flame
at I on. temperature of ignItef' gases in the main

oi.-hanitev, and Initial -and boundar', condi-
Some of' the procezue!; fJuun t,, Ue tt1)ns to which the acrack Is subjlect ~d.

important (1-17] In igniti'.nr and corn-
_________________One of the ltflrcortarit parameters

b(:raduate :2tu~ivnL, po'esent i,; wcrkin1 ' -it uhich exierts a at:croru' I nfluence on time
TRW, DSS3, San Gernadinw, Lalifozrnla v~wlz-jtion of tht: Ircuei:-tribution

In1 the crack cavity i. the instantaneous
Asasitarit PL oleszr r t-avnlnt sur!'ace mtres. -'ince the flame-
Ass-ociate PCesr .reaJ',;i- ratv 'tr~e the trnl-d

S pkGt IS RMST QUALITfl
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traction at' the totar surface area, culating flow near the tip region wi LI
accurate determination of the flame- cause the heat-transfer rate to be ligh-
propagation rate is important for er than that predicted by the one-
better predictive capability of a mo- dimensional model. A recent study (lel
del. Even though the present analysis found thlat the effect of cumpression
is limited to a non-propagating crack, wave reflection and recirculation near
improved prediction of the flame- the crack tip is Important for ignition
spreading rate would be helpful in dev- of the crack tip. In some of the exper-
eloping models that include effects of Iments (15], It was found that the crack
crack propagation and branching. Fur- tip ignited before the convective igni-
thermore, a detailed analysis of the tion front reached the tip, leading to
flame spreading is desirable in order the conclusion that heat transfer pro-
to understand some of the n,:chainlsis cess near the tip Is different from
associated with the multifacet problem that along the crack. It is clear that
of deflagration to detonation transi- these complex processes near the crack
tion (DDT). tip must be taken into account to im-

prove prediction of flame soreading.
In the past, several researchers

have investigated convective burning In This study was directed towaird im-
propellant cracks. Prentice (1,2], proving the predictive capability of the
Margolin and baargulis (31, Godal [4), convective-burnIng theoretical model
Bobolev et al. (5], Payne [6), arnd (10,11] by including a) the effect of
Krasnov et al. (7) have studied the on- pressure-wave reflection at the crack
set of convective burning. Preliminary tip on the ignition process, b) an
investigations of the development of approximation to account for the effect
convective burning were conducted by of recirculating flow near the crack
Belyaev et al. [8,9]. Both theoretical tip on local heat transfer to propellant
and experimental Investigations cf the surface, and c) turbulent transport
development of convective burning, in terms in conservation equations alonfl.
solid propellant cracks have been con- the crack. The objectives of this study
ducted at The Pennsylvania State Uni- hre:
versity [10-15]. Detail,.,d reviews of
previous research in this area are 1. To improve the predictive capability
giver, In Refs. 11, It, and 17. The of the convective-burntng model so
croak combustion model developed by :uo that the raLe of flaum propagation
et al. (10,11] p.ovided tLh. basits fvi in a solid propel]ant crack can be
tný {rtser.t theoretical study. accurately predicted.

This moael Clu,11] considers tran- 2. To compare the predictions of the
sient une-dimensional mass, momentum, modified crack combustion model with
and energy conservation equations in experimental data of flame spread-
the gas phase. A one-dimensional tran- Ing and pressurization in prooellant
sient heat conduction Is considered in cracks.
the solid phase. As the gas flows over
the crack surface, it heats the propel- ANALYSIS
lant. Flame spreading Is postulated to
result from successive Ignitions of The present model was developed to
adjacent surf-aces by conveative heat simulate a transverse propellant crack
transfer. A comparlsý;n of predicted inside a rocket chamber, as shown in
results from the Kuo model [10,11) and Fig. 1. Hot, high pressure gases from
experimen~tally measured [13] ignition- the main chamber penetrate the crack and
front locatlcns indic3ted that the transfer heat to unburned prooellant
model tends to underpredict the flame- surfaces. The rate o. convective heat i
spreading rate near the tip rtgior, E11, transfer from the hot gases to the pro-14]. It appears that one of the main pellant is determined by the instantan-

reasons for this discrepancy is the eous values of gas velocity, tempera-
one-dimensional nature of the model. ture, density, and local propellant sur-
The assumption of one-dimensional flow face temperature. As the gases continue
Is adequate along the crack; however, to flow Into the crack, gas pressure,
it cannot describe the flow recircula- temperature, and density alonr the crack
tion near the crack tip. Prediczed increase. After being heated for a per-
velocities near the crack tip are iod of time, the propellant surface will
small, resulting In low gas temperature begin to gasify or tgnite, generating
and heat transfer coefficietht; conse- more hot i;asez. The I'lame will spread
quently, the predicted rate of heat alone the crack until the ,ntIre cracki
trasrfer to the tur'face i, zn.all. i.• lriiztid. It it pozsiblu: tnut the

local !internal pressure~ may exceed the
In reality, tt ,r-euence " - maln :h aber pressure, causing flaw

6 .~ PAG~ IS BSMS QUUA y 1
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reversal, with hot gases generated by composition techrilque [19] was used. NIe-
the ihi.lted propellant being forced out glecting the third-order turbulent cor-
of the open end of the crack. relations, the three Favre-averaged

conservation equations can be written
as follows:

S/ Solid Propellant

Mean mass conservation equation:

Chamber (6 +A) + !- (6 aA rb

The mean momentum conservation equa-
.Crack of tion:

x Variable Geometry

3 ( 53A) + L i'A) + 3- (Ou "u "AFig. I Schematic of a Solid Propellant TE- p (• p +x p
Crack

The following basic .ssumptions are " x ( p Ap) + [ A X
employed in the analytic model:(1) Bulk ow o gaseslong the pro- + x "p) - 2 w I w

pellant crack Is quasi-one-dimen-
slional. F

+ •ApBJ - (rb pPb) Vgr sin Ow (2)

(2) Gases flowing into the propellant
crack obey the tlobel-Abel law for The mean enerry conservation equa-
imperfect gases. tinn:

(3) The flame zone Is small compared
to the gap width of the crack. a (A 10C i + + 1I T {p [ovT,, "•

(k) Rate processes In the gaaeous
flame are considered quasi-steady; ( C T 4' +that Is, the characteristic time T- P V-[ .. • uT)

associated wlth the gas phase
reactions is short comparel to
that of the transiert prrsnure - (Ar, (o + O" "'"/cI,

variat ion.

(5) Deformation of the solid propel- + 7. [ r . "
lant is neglected during the
flame-sreading process. Any + (rbOPP) ,:Tf + "t AO x
changes in the geometry of the
crack are die s•olely to ablation
of the propellant surface. pb (T-T

(6) Thermal properties cf propellante- (P- T
Sare constant. cW ( w P &(T - T W)(3

Most of these as.uwrtinns are Jus- The equation of state for the cas
tified for crack combust l-n studies
(11,1~4]. Even though the propellant Is hae
deformable, it has been found thAt (le- . -.
formation doeu not mt.nificantly in-
fluence the flame-spreading proceso
[14]. Further prXlY.Imal tens Are needed in

orloer to -ichi'?vp turbulence closure of
Based upon the.e assumptions, tho •h.. model. In an attempt to keep the

quasi-one-dimensional, ,.nsLerdy mae, model slmple, and at the same time to" c, momentum, and energy •qu•P"Imns for the ta.e Into ac-ount most of the important
gas phase were obtained in ter'ms of the physIcal pro'ernes, the following rela-

A instantaneous variables [18]. Instan- tionships wpre usfd:
S, • taneous gas-phase equations were cfn-

,r*• • vertod into a set of mean-,.ons(ervatIn - o,*" •" = t(
equations by using an averaging techni- 4T
que for turbulent flows. Since the Pas - " (T)
is highly incompres,4ible, the Fiavre de- r, .

. ......



131

Tthei#relationshipi L- bevaaruel [10,111. When the g3svs ýn~ter the
aa the ocrinit~t~j f-jr and I r. ruici, boundaL'y oitugae

4a4a~ i..~ atu~ urthV.~z U1~ z
oiel~ v teei.Iu~~t0 P P(t); T(t,O) *T, (t);

1A >.,a Lt'r T TO# (7. t,xL)a0(0

araWhen the gsaue~ flow Qtut Of' th. crack
~ 1 -~subsonically, boundary cond~itions are:

V ~(t,0) * P~(t); a(t,xLVU3 (1

The three Mtt~ln C-)(Xelrvat I;A .i *q'IVt Ohz
~erriei ~equat~ýns rdtl cnlu,,t, 'When gases exit the crack supersonic-
erutue tempuaturv prauv. ý%n ~ ally, the boundary con~dition is that

phac teT rtur~Pt .0P,. *J V1u- mean gaa velocity at the crack tip iscIty. zero,.

'rhe pro; elsar.t zurfu;eý :e The equations and boundary condi-
ut a~y lcatin a~r~ L~~ ~tions given above describe gas flow

bytta1Inmen athe ifl 4Oll .1Adi 1alng the crack. As mentioned In the
by ~:in th trao! rat onodinn- ntroduction, heat-transfer processes
~iail h1t ~OtJU~1OL C~~atth (1 ht~ near the tip region should include

samt- ,:.xnner as griv.,r It. Rot's. 11) and the errect aof presout-e-wave reflection
11. A two-tornp~rrtui-e crttLZ ~'t- and flow recirculation in order to im-

z1uanL.,e ;'I,4.Aiprove predIction of' the flame-propaga-I
f~t t i i~~ oz a i i~ .1Ii,,P c'h~ l1 tior. rate. As reported by Kumar an

tL.w:. h~te.,ertu~~ pr f'~ ~Kuo (1Z), the effect of' pressurization
~ ~ ~ ~ ~,flj- rate and pressure-wave reflection is

L14,r 1: 0iV~- im~portant for heat transfer at the end
of a rackand ror local ttirnition.

cariflk,riratlon of' tnis .;Lu~jy are similar'.1%! %np iIcle heroat --t~ h la o~Iton i~ rc
Ithi .z Q~Zthe h!ea~t.' i barn tý, tho43e pre-sented In Ref'. 12, the tip-

4L'.~ ~et'IieA ,pvu~e 1... ti.) Jgilti, model [1,] lai -- ratible for
ujf lit~ * nle ýArairot Inc-orpoz'AtI7 1,1Z~t the pre-

c'. :':L)atio 1.e h ue t:..... zent theor.ttlcal ::ao,1l. In the tip,-
t.>.i I; r~~ ~Ii,tntItl-n model, the propellant at the

ialXe A. Einpirical 1:,:3~; l.ei erd ia cc.nsidered lo be therm-
II~eI inthe ' ~ ~ ;ally thick. The propellant surface at

_______________________________ the tip is heated by hut Tases driven
Fýratieter 2ow ~Into the crack as a result of rapid

h~u~tz~aCer Nodiled ~tti-~3e1- chamtber pressurization and the presence
eoez~ciet te carolaion 20)of' strong pressure gradient forces.

The tip-ignition model desoz'ibes the
Gas viZZUIty Sv#ohla -.Xtru.sjlon [21) process of heatinK to ignition at the
irandt~l numbuer Svehla fcrnu1li (211 closed en~d of' the propellant crack;

Fr~cton muineaý;;lerookaccord~n,*1y, thi3 model1.,: Incorporated
Pricioii ~ 4udfieU b~broktor calculations at the tip.

alie'f.Nc:I ert aorrtulation r122,23]
~~ra~u ~1t-~o~et ~Although recIrculat~n.~ flows In

Pat %;,:r ga*luve been researched quite exten-
rat~ sively r27,2B), most r'esearchers have

FEroz~ve LumlnIýr. ;orR~~l: 2 nly studied gaps with imall length-to.
rute aan*u CiU iatrn4t-tr ratiou (in the order of 5).

Ruzdn-K(ý 1, viu Ia ýracIka with length-to-diameter ratios
_________ r~1in the range or' 33 to 200 were used In4

the present study. Kuo et al. (29)
Initlal cnditlcinu V. r tltv i.*:,&.; conducted flow-visualization experi-

ptia., equaticn de3Qribe urnlr'c,1-n dI..- !:ent; )A~ Caps with aspect ratios as
tribution In~ tthe crlzk: high us 2~4-5, but did niot give 3peCIal

u' '¾x a aattention to recIrculat!on near the tip

X '~ As an attempt to Imreurve the flame
rotl:, redlctlcrIn int [v tip, region

UpI rwWit' t :4 haVINgt to a'.l76 a zonple.X multi-
C111-ittlotj a4 .t thCI"3 4-t4.J Uýr _iI 1.1-..~a problem, a stimple methodf

idL I S AG.3 IS 12S T qViALTI ~J~
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for approximating the rate or heat Table 2 Pr'.rse.ins- rrrýýertiee and

transfer caused by flow recireulation tnp-it P-•trv,.'rn
was incorporated into the theoretical
formulation. As a first approximation, Parameter (Unit) Prorellant errmroint

Sa condition of linear heat flux to the A _

propellant was impcsed between a point
in the crack at the edge of the recir- ProTpellant AP-based AP/i'BAA-
culation region and tho tip or the CompositionE
crack. The heat flux, at anyv point a (mm/s-atmn) l.C?

before the region or recirculation,
was calculated, using the temperature n 1-) . ,)n
difference between the gas and solid T, (K) ,

q' phase and the heat-transfer coerrIclent
based upon the modified Dittus-Boelter 0 (kf,/mi) 171n ]400
correlation C20]. The heat flux at the k V/i-Kp . ',1

crack tip was calculated, using the % 1-

tip-ignition model [12]. The heat flux a' I/) m.lxl• h
at any point in the recirculation reg- (kg/kmole) 2.1 20.3e
Ion was determined by Interpolating MW

1 between the flux at the crack tip and y (-) 1.21 1.P
that at the edge of the recirculation b (m /kg) 1.001 P.001
region. The initial selection of the
size of the recirculation region was 1;,,n W 50 ist•

basen upon a good match between exprl- e/ (-)
mentally measured flame-tpreading rates e'f

and theoretically calculated results Ref. 18
for one test case. It was round that ke/k 3#1nto: the location of the edtFe of' the re,:Ir-er

culation zone, so long as the length Ref. 12
of the recirculation zone was about .

1/5th of the crack length, does not Flsrkr- ' and 3 ieapl.,ay two se's
slignificantly affect results. of pre~ssure tr-%ke,, Prom t.est r IIl rr,. In

Swhich all test conditions oxc.rrt tin

The numerical tec-hnique for solv- crwel-raJp wt1':h w-tr arproxinatelv thp
ing the gas and solid-phase governing snme. *1ap wiIth- for T-st r'" ( 2)
equations along the -rack tmploys an anm 63 (Fir. 3 -, 1.'7 rind 0.m
implicit scheme, similar to that given respectively'. ',tr vrn.sur- g. aur'.s
in Refs. 10 and 11. The crack comhun- (0ý-1;) wer- *ro'd •. rir,. ."r'-r,,
tier model calculates gas pressure and at four axial Ineationo sionr, the crack.
temperature in the region adjacert to Savercl dirrerenve3 can be seen Prý-n
the crack tip, and the tip irnttion thase Pressure trncý.s r'.'qsont in the

model calculates heat flux and surface two tests. In both test3, the rate of
temperature of the propellant at the pressurizaticn !ncr#.ishs innstcutivoly

crack sip. Numerical solution or crack at each downstr-,m lrcation froým the

combustion model equations and tip ig- crack entrance, titt the' crack with
nition model equations is carried out smaller Sap :w'ith axrertoýn,-:q i hi-her
separattaly, but concurrently. peak press~ure. ,Fiirtha+rmlare, the hirh-

est pelti pressure o~ccurz In t.he in,*-r-
RESULTS AND DISCUSM1O1 lot of the harp~%e.r.:qr.k, wtiereis resk

prrss3are i.s m,lch -nor- ,inlfrrm in the

An experimental investigation wa2 wider crank. This ,,nti bp -xplinered by
conducted in order to validate results notir.r, t~h:it In t~tvh cracltr t~ht turrltii-

obtained from the theorettcol model. 3urr!1'.' aron 4. ¶.1itti1.;, 1,t *h-' rfý'

A test rig was desitnod te simulate, arem in th- -• t 'r!:-•,* ,,r ri

as closely as possible, attual rocket allyv :.nal1.r ' Ih-:tt r %.:1 !.,

chamber conditions. An initer system crack, .As *.h- T,rý•l-•int 11ýnc- t!;,

incorporating a solid propellant charge crack bec-in; t...'- , l.ca1 rr-.s.ur,
was used as the source of hot gas gene- inside the . • rk.': te. *.'rs r

ration. Iigh-speed photograph.1 and than chanV-r :--.re, ,'•a•nr rac !,I-w

quick response pressure transducers to revorse inl be'rtn to exit the crack.
were used to observe flame rrcra.;a.atin Th-e rseuols t.% .. v'.'i t the t,"ir,-
and to measure pressure alon! the irr rreýe&!ar. " ,'•., e- q rv.

crack. Detailed discussions or the thin the '.*: '.• !, A• 1- 'Xit
experimental setup an: proceeure .*ir. frt the :r-r,'- rt!- '- .- r.',, -1r'!
be found in Refs. 11 ind 1!. Two types rreýPur' .-Tii, -'., *a'" ,'t!- "ar1
of AP composite solid propellants were a MIX'.mno. r,:,r th-o earr'e .rl, the

studied. Table 2 lists some or the snalr y''rt ••ri .tll r-zr, MY.

important propellant prorperti•es. !n
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bIaher Peak pressure-withift thk crack. Another Important difference be-
Higher pressure in the interior of' the tween Test 62 and 63 1,' the eftect of
narirow cr'ack also "auses the burtilne crack-gap width on prozalare waves tra-
rate to increase, thus rurther Inarleas- vellng along the crack. Pres3zure
Lag the pressure. 9ventually, the traces from Test 62 Cjhquwn in Fig. 2)
pPesISM in jthe inkterir 1s higher' thtan Indicate the presence or a stronr pres-
the pressure ar the crack openinig. sure wave traveling along the crack,

re~sulting in tho local peak and valley
Puapeilant a at 05. The local peak Is Qaused by the
L 19S = t compression wave reflecti..n at the
6 1.27 ae sax 8af crack tip, and the valley Is believedj
AP /dt a2.2XIO S to be the result or expansion waves

ata/Sgenerated by the reflection ofL the comn-
I% ate pression wave at the crack entrance.

65 lag MI Pressure traces rrom Test 63 (shown in
Ft 85ma211 Pie. 3) Indicate no stronC preSsare

waves moving along the crack. This Can
NOO be explained by considering the mechar'-204ical deformation or the prorcl~ant alongG4 1 204the crack. As gazes enter the crack,

pressure waves traveliiu' towarl the
-~ . crack tip coalesce and becone stronger.

1,00 In the region close to the Pressure
G3 I8MJ 0 wave front, the propellant walls of' the

45 ma .01crack deform, increasing the? local

.Y. crack volume and lowering the local

G2 wave front. In a very narrow crack,j
0.0 -mechanical deformation of the propellant

due to pressure loading call be very
Important. Propellant deformuation forI- sam fo tl'i same weLb thl~kness,

T ime. ns but the percentaite change In the port
urt'ý3 will tricrv.ase tic t h, G~cvirill

Fig. 2 Measured Pressure-Time Traces t'P ith era..Th a.width of Test 63 Is 2.5 t~ilne !3rnaller
for Tst 62than that of Teut 6~2; hence the pres-

Prapllan I V~3~ .ure wave vt'fect is mu,.h 1. pronoun-2d
L a 19S m maX In Test 63.

8 *0.S The effect vC chamber flressuriza-
dPC/dtIB2.2xi05  tion rate on the pressure-time history I

at's/s
V 3r of the crack can be seen by accmpartir~
100 ate two sets of pressure traces from Teets

GS 64L~ and (-, as shown In F*rs 11 and 5.
111 ma These two tests were ccnductead with

*~ ~ the oame prop~ellant (Pronepllant A) anidJ100 same crack geometry ML 195 man, 8
04 - .89 mun), but with different chanber

136 W -Pr'eSaUrization rates. Test f~5, with a
/ c hanberogreosurization rate u' atbout

100 L4.5 xlI atm/s, exh~ibits a jtrlnq
G3 pres-sure wave erf'ect al~rns, the arsiuk,

48 ~while Tiat 64, with a chant:0erapztossuri-
45i zation rate of about 1.3 x 10' atm/s,

r 3hcws n~o significant preisure wave
02100 effect In the crack.

0.0 * iue 6t .rs: acmai

son or predicted and nf.aaýurteii flume
0.0 1. 02. 014 .11 5.0 r=

time, ~ 11] th*~:olid l1r,': :z -

:lta~tai.-i 1'o.^j the t.relent .'J Thr-
nig. 3 NeasUred Presaut.-Time Traces plcta .. !...* the ti::,i.- reqUI.*l.A I'l.Z thO:

for Test 63 I.cr&ItI t, ~'ronit t,ý rao~h I
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'location veraus the noiTIw-ensi.*nft
~euantA O' 360 axialI dVPtune along thoe crack. .jut-

max~lat stantial Lnijrovement in the prediction.

0.8 meoF the rlamie front near the crack tip
ap/daelsit region can be seon Frro the$* figures.S 37&7The efrect of' Various paraneters an

00o AM flame front nt'opa~at ion is wivaen in
GS .. Rers. 11 and 'V.

a~m

S 3251 -. - Thmeory (previous)

1-0 - Theory (present)

G2 100G2 

0.

e"r Prs 64at
!4on-7 1.277na Axial Ditac,

0.890.1

Fi.4Matmsue Pressure-TimeTraces________0_4_0.6 __.___

fa5 Teeot (peio4

Fig. 6 ompareorn ofPrese ctedan

~~Propellant A MesrdtntonFotPos
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"'he pv'r-dl,:twA v~enure 'variations
_____________________With 4.ptspet t,) tine and *axial distance

f r Test. 7~4 laishown ini z three-dinien-
siýnai pic~t inmiF.' 10. (Flauneapread_

A M~ easured IIng results or MAU te&Xare shown in
Theory (present) girebaure wave Ufont can eloarly be seen

moving 6ae~k fnd rorth aloiw the crack
C 04 PropellantA pWmenis. TIW' @Uleulated

S 0a.39 N agr**NMtwhthe meaultd data [18J.I. I-Th# physical reason- for the presence
c or' crusts and troughs on the plot Is

the suie as that given earlier In the
0.2 explanation or' pressure peaks and val-

ley3 Present In Fl;'s. 2 and 5.

0.

0 0.2 0,4 0.o 0.3 1.0
S120

Nah-~diaen ional Axial Distance . x/L 90

Fig. 8 Comparison 'of Predicted and3)
H lsured Ignition Front Propa-

gation for Test 65

0.
0.6l

0.6 1r

0.5 0 Measured Fig. 10 Predicted Pressure Distribu-- -- Theory (previous) 'tions Versus Time for Test 74
Theory (present) I

0.4 Predicted velocity variations with Irespect to time 3nd axial distance for
Teat 7~4 are also shown In a three-

0.3 dlinensional plot In Fl-*. 11. Duaring
the initial period, tt.e f'nvoratle'

I pressure gradient cauaea the hot gas
0.2 - to penetrate the openIng portion of' the0 Propellant ev cack. As the propellant beiins to

L 97 5 R bun ad te flme ~nt~nuo tospread,
0.1 l-sSlo. a9rm= local pressure and temperature Increase.

cP./dt a .XOam$further FmcilitatIng gas penetration
deprInto the crack and increasing

0 gas velocity. As the pressure In the0 0.2 0.4 0.6 0.8 1.0 c~avity inicreasaes, the favorable pres-
sure gradient eftf t dininishes, result-

.Non-dizensionai. Axial Distance. x/L illt! in a decrease _n t:a3 veloCIty.I
Wt~ll t Iii jtL)ut 0.4t, ns, the adverse
rz' cu'!1U t:r".ient in the :r acV- becomesFig.9 Cmpaisonof t~dctedandttrr,~enou-h to revv.;z.e flow-, there-fig. Comarisn of redited nd ater, Eare 5 prodoce'ei In the cruckM~easured t$nition Front Propa- "rrt:' 'lw Out of tt-. ýrlk VelocitySation fo Test 74 zW~rlLutV~rn Is ?!enerally 31atati-I b7
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ri!-ulln 'xhIbtt a traveling rs
L $1. as un!, wavo pho~nomenon. This rh:--
4 it0. 2 asnrimenon Is more or'nnounced with
usaxýgoo /seeincrtases In crack Cap width or

chamber rreasurization rate.

(4A) Since thie axial transporc or
"envrgy in the gas phase is[strongly eioinattd by convection, 7

[ equations does not arrect the
10, 0.6flame-spreading rate along the
40 0 .6 rack.
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Fig. 11 Predicted Velocity Distri-. ilri rvyapeitd

butions Versus Tise for 34OME~rtATUIP.
.4 ~Crosi-rtoti~a1l area ;-f ther crao'k rrt'

Results or the numerical compu- o rro--r~~v.bb.r~n nt1a frator lawh
tatiohe show that although gas flow 'nrsv rn-a. mw
In tto propellant crack is highly r-r" ''

turbul~ent and high temperaturo gradi- b -*X k
ents are present, an expected, the r!-it at, n.tn
effect of turbulent trsansport In the 1%
axial dire-tion was not 31rnlricant
when compared with other terms In It'!rsal
the energy e *atior (181. Thin !3 ~fl
due to the flict that the flow is r ~ Frcti -'If~flnot, /u
highly convective, and the energy r,. . Loa oVnee.'n *ver I petropel-,
transfer in the axial direqtion Is Ivnt r'ah" pri.e-
dominated-by convection ncaused by c, cnvtieha-rst'
high gas velocities. The diffusion F.W Lý,lcn~tv etnas
of energy'in the ax.1al dirc'ction hy c'PI' 'tet -vvlr nc1nprtl-Fn
turbulent transport is much smaller k rh.rm' 1l '!In-?t"Iy
than that by convective energy trains- k 4k.

pot.L~f ren;*h of the crao-ý, ni

CONCLUSIONS w r'r ~p'eti ~'nn
Several Important observations t.1 huhn rem

and conclusions from this investi-
gation are summnarized below. WPb' p-rmor.orr of' the port, nwI
(1) Predicted ignition frnnt prf.- Pfu"o $-I* i-n.k the

pagatioin, usinru the current 1.u'f~r~o' h 1I r'
theoretIcal model, was in very b '~~ salld rro!-
good agreement with .-xpp'rt- t"tp r ~ .!.
mental data, tnd1-:at~nv ~ ~ ~ '(twu ~~~1
significant improvenent over' on t e'.oratur'e), K
predictions of the previoAs T Al ruimvný t-mrorair^
model near the crack tin. .la n t 7

(2) The effects ot' oompre'sion -,:v! Tr' S'' enen~e
reflection and flow rqcIrc1:1i- ortc
tion are important in co:nrli-W r
eration of hoit trinsfer betw.eon ,
gas avid solid propellant nea
the crack tip.
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AIAAMUM1 APPENDIX D (Ref. No. 6)

Flame Propagation and Combustion Processes
in Solid Propellant Cracks

MrliuI Kunw." Stephen M. Kovalct and Kemeth K. KuwO
The heawyl vwal StVe tMlw•Y. UnhMwfty PW*. Penn.

11% e0%' ef pibmelwenus, tverm. p aiM , "10 MAk@0 bind, ppsi. l pe owso ft 4 eas ad
brna milng giaas. Is hulss AP.brnmd mslw we~ sNow we Ibme wmood is rs .
mUma hmm PNOMe ra uM w asreiuaeg a big4pw ft to Uaft pletwm" em"m CnuH up

toM* mm in beot wit pp Ifts as bw n 4NS sm vatsumlmi. Ism slimewd dw * km pme pined
the Igilis fam. The ftalul-mabeev p pgo -a spesi buwosi aw dosts maltginm me"s. marnow
Wcthe sumsm m e ne t urc t. The w um s m amk soft thmat iw oUrn fir *a

lashesbase as uumekte wash ap dk ,mdi h re em~ im iahmbm
fth pmmmmm rhast me w rnon r of adok peesa V Is bwemmi. iM m~alm pwmIn maelte mAs Wo

Nemuehmm This opapr deals with a detailed experimntal Investigation
a -re.uspoaential factr in Saint Robert's burning of the developm at of convective burning in In Isolated

rm rd• p *Pa. (mM/s)/(ttm)apropellt crack. Convective burning Is defined a enhancedaen - ladmvanu I mbr, (rod/ls burning of a propellant charge, caused by hot gas penetrton
d hydraulic diamte of crack, mm Into propellant deflects. fored convection isthe wprimary hen
S - length of crack, on trans medmanim during convective burning. Eva though

a a pressure eponent in Saint Robert's burning rate the Ignition, flame spreading, and combustion proceasm- Inside an belated solid pr*pea crack represent ma I demli
P ,k"Issums can of the utul burning in propellat defects, a fun-.
P ,,maximum prssum in the crack cuvity, am damenital undertaing of the Ignition end flame.
t • -buring rate of soli prpeat, mm/s propagat~on prcs. In such a gleOmatr as essental in order

, teperatuum, K to study the extremely compka phenommon of Ignition in 4
t -time detects, lending to deflacratios-to-detonatlon transition
r ,adibtk fla temperatu of solid proplant, K (DDT). it should be weotd, however, that & single crack will

F - initial propellant temperature, 2M K resukt in a limited it-Winm in bunlng Surface a• a, and,
e• a convective ignition front propagation velocity, m/s therore, ay a not cause detontation.
x -axial location, measured from entrance of crack. Prior to this study several researchers have ilvestigated

mm convective burning In solid propellant defects. Recently.
a -termal diffusivity Badley and Uogp' have made an etensive liteature review
& -gap width of crack on convective burning in propellat defects. dm s al.
S- density, kg//m3 have comple moat o1the recen work dome in this am In the

USSR, These review Indicate that the convective burning in
"soid pVellt cracks has been investigated by a number of

Sresearchers In the pat and that both theoretical and ex-
U NDER cart in aperag €oaditi . b hi-w ure and imenul techaiques have been used. Studio In this wea

hig mpertu e from the rocket chamber have also been conducted at The Pennsylvania State
penetrate the detects or cracks that are present in solid University.Ž' Experlmntm l studies on convective burning In
propehlats, The convective h transet from the hoe sas solid prplat cracks can be subdivided into two broad
heats the propellants along the cracks, and if a sufficient categorls's: 1) onset of convective burning, and 2)
amouit of energy is transerred to the propeilants, ignition development of convective burnin. Utterature on the onset of
also occun Inside the defets. Burniag inside defects or convective burning is extensive; the stud%% are usually
cavities may reult in much bigher pesus in the cavities; qualitative In nture and are -aracterind 1,1 teats of the
Indeed, it is believed that given the Prowr stimuli, these go/no-go type. Results of studies on the onset of combustion
defects or multp cracks may tiatie detonation. Even if this ae commonly presented in graphical form to Indicate the
abnormdal burning s noam lad to a catastrophic failure, It operatinw conditio (usually essume) under which the flaUm
may cam the prformance of the rocket motor to deviate will penetra•t a crack of a given dimesmun. The following
spillcan•y from the designed onditions. paragraphs la st m of the Important wok in this ar.ea

Prentiol conducted eqxeimetal Investigation oan the
toet of cunvective burning in • transparent, nitrocllulose-

Prefii_ e 10 h IAS&SI 0 on petris propellant. He obseve that it was much easier to
P ROW In Coeee Harford, Caom., Jam .JMuly 2, 1|f0 fluhdown into a crk with both ends open than into a crackkmlssd July 3 ie0; m1 en rev ved Dec. •32I.0 Copyrisht@ with one ed dose. Caudytic additives caused flmshdown tc;Ameran lotMiM* of A ic wA Aswntmacs. Inc., 1940. A occur more mrediy. Fluhdown was mot obsrv4d up to 3.9

TWO.MW -MP& in I.4Am-dim , -cks. Both motion pictures and9AMun•. efwr DptNo thucaici6WA•g thez-tcope wm used to moaker flaw penetration
t~of~te ltiss, pimmemly working atTRW fmhtick Virtonepus p rocp ( )wa ae
Dma So Im,.^ W Propel. Vtibratio ilel. wet m V M wed
3Aasdhe Pr•fe•sAA. Depaymml of Mubmcal mno . to monior Amabdown. Double-basad propaikMas that

Aineluhe Plelew AIAA. dispdyed smea berning were also investigated by Prse'tice. He
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concluded that the critkica pane diameter for flaibtown io a aUltiM
given prop**at is inversely proptational to tba burning rate.

Margoln anW Margtails If noted that comnbustion penetrates
more easily Into a Chsane with two COpe end them Into a
blind channel. They also obwmved that if the channel were
open at one end, of If there were oe or mare outlets from the- "''
channel to the burning surface. the combustion Same In- A 10M
stantaneously penetrated the pores when the Adreefv number
(Aot) was beyond a critical value. However, the critical An.
drev number Is wo always constant.MIM

Godail" made experimental invustigatious of flawehtamn
propagation in the narrow slit and (ine hole of solid tS im
propellant grain. Cracks of 22. msin length were formed with
3 mm vquare slabs of AP-based composite propellants. Themupropellant was Ignited with a nicheome wire, and the Ignsition flog pto

vt ent was filmed by mohioa-picsuro camera at a rate of about /ensu
32 framea/s. Tosm vwooeconducted in a slab of poe~ t with On"M SKI~.ta
both a sinhj hole and multiple holes. Godai observed that
there is a threshold gap width at hole diameter below which l1Scmaedgrmocmbsenbma.
the flame doen not propagate into the defect, and that the
threshold crack Uap is fundamentally a function of the
burning rate. Bobolev a at., 13 Payne.,'3 and Krasnov et a&I.
also studied the onset of convective burning in solid
propellant cracks..

Experimental studies on the development of convective ~EIburning are limited. Slynev at al. 141 made preliminary
investigations of the development of comnbusti.an In single
pores. The flame propagation rate was obsetrved to increase

intaland then to reach a constant value. The pressure in
the cr,.ck' was found to be greater than that tif the chamber,. ______________________
and the effect of erosive burning was found tu, be important.
The maxim am preusure in the crack was correlated with theI y it-NW
crack lengt' and the ratio of the crack length to crack width. Fg yhlpeshtmksmeI The focas of previous investigations of combustion inpropellant cracks has been an tile oniset ofconvective burning; to simulate itp W "as Composition similar to that in an actualthe development of convective burnin'l has yet to be in- rocket motor. %C ,ing this igniter system, it was possible toA

vetgtdfully, It is geneally believed that the development obtain pressures up to 200 atma in the chamber in ap-
ft convective burning in a propellant defect Is a necessary proximately 2 ma. The test apparatus is also compatible with

condition for subsequeýnt transition. to detonation, Almost all the theoretical model developed by the authors$-" and,
o3f the previous studies have been .onducted at constant therefore, the results obtained here could later be used for
pressure conditions. The effect of cnamber pressurization rate model validation.I (dPidel on flatne propagation, which is of interest in actual
rocket motor and DDT studies, has not yet been investigated. larnver SYS"re

The a" of the present research was to narrow some of thet A solid propellant igniter system was the source for hot gas
technological gaps that *exit in the study of the development generation. Percussion primers wore used as initators for
of convective burning in solid propellant cracks. The specific ignition of a propellant chirgp. A remotely controlled,
objectives of this investigation are- solenoid-activated firing pin wa4 used to trigger the primer. A

1) To experimentally study the effect of the following schematic dliagram of the test chamber and Igniter system is
parameters On ignition and flame propagation inside Am- shown in Fig. 1. The igniter system consists of 1) a solenoid
monium-Perchiorate-based composite solid propellant mounted on the retainer block of a sprikit-koaded firinl pin, 2)

craks-a)chabe pfssuiztio fte.btcrackil.ap width, c) a percussion element and its housing unit, 31 a propellant
length of the crack, and d) propellant compositi~r. igniter charge and igniter chamber, and 4) a mulidperforsted

2) To establish a data base for the convective flame. nozzle plate. All hardware was made of stainless steel.
propagation rate and the maximum pressure in the crack High-temperature, high-velocity glases. under rapittly in-
cavity as a function of pressurization rate, crack geometry, creasing pressure conditions that simulate flow conditions in a
and the physicochemnical pioperties of the propellant. rocket chamber, were obtained by burning a 50 tam long,

The reults of this study can &Is be used for verification rectangular rmos-sectlonal t - S.7 x 5.7 mm) solid propellant
purpose, in Order to compare 2~ flame-propagation rates charge. This chars. was placed inside the cavity of the igniter i J
and pressure measurement alng 1xa locationms of the crack, chamber; the diameter of the cavity is I mum. When the printer
with the numerical predictions of a waallet theoretica! study was triggered, it produced hot gases which flowed over andbeing conducted by the authors at The Pennsylvantia. State ignited the solid propellant charge. The product gaese flowedUniversity. through a multiperforated converging nozzle into the main

Expermenta Setp ~ Pozedchamber. The pressurization r-ate of the chamber can be
Futpewata Sdu wedProcduesvaried byaltering the dimensions ofthe Wropellant strip in the

Test Awaees igniter, by changing the dimensions of the enultiperforated
The test apparatus and experimental conditions for this nozzle, or by changing the exit nocle of the chamber.

study incorporated the following- major design con.
sieaios ) the test apparatus should allow a wide range of Test Choogser end OChm Coqfltoureoas

variation in crack geometry and operating conditions, and 2) The test chamber shown in Fig. I was made of stainless
test cowlitions should simulate, as closely as possible, those in steel 304. The discharge of the igniter system passes through a
an actual rocket motor. A solid propellant igniter system 124 mm long, rectangular cross-sectional (l0x 25.4 mmnI
(details of which tare given in the following section) was used channel, The propellant crack sample is placed perpendicular
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to the flow direction in the main chamber. Cracks -were
formed by cutting a slot of desired width in a propellant slab
(of 25.4 x 17 mm cross section) glued into a brass retaincr. It R
'!as possible to manufacturi cracks up to 210 mmn in length.
with gap widths as low as 450 14m. Figure 1. shows a typitiial
propellant crack sample. Four pressure ports were provided
along the cemter of the crack in order to measure pressure*
variation along the crack. An interchangeable, convergent
exit nozzle was used to vary pressure and flow conditions in
the chamber. The nozzle was made or titanium in order to Fig. 3 Preelta~tsaMPle (or d&Wetaiehmnatlem of Ignition front.
allevate the problem of metal erosion caused by highly
corrosive game. The exit diameter of the nozzle was varied
between 2.5 and 3.6 mm. For safety, the chamber was also
equipped with a port for a burst diaphragm. If for any reason RC
pressure inside the chamber exceeded a predetermined value CUTO
(usually 6110 aim). the burst diaphragm would rupture to vent
pressure and avoid an explosion.

Flame propagation in the crack was observed through a set
of transparent plexiglass windows. The window assembly
consisted of a sacrificial window (238 x65 x6.3 mm) and a
viewing window (251 x 78 x 25.4 mm). The window assembly Hi4GJ4PEED PESRwas held in place by a stainless steel window retainer. ToCAEARrtTANDES
achieve a good seal, rubber 0-rings were used between the twoI .V I II
halves of the chamber, and between the inlet and exit nozzlesMOIR
and the chamber. During the tests, the chamber was com-
pletely settled, except for the interchangeable exit nozzle TIIN AND
through which product gases were discharged into the at- TRICQER PULSE CAG
mosphere. Since the sacrificial window is placed directly over GENER~ATOR MAM
the propellant surface, it is destroyed after each test firing.
The test sample is clearly visible through the windows during
the test. RNE4

To obtain a more detailed observation of the flame-front WAE1R4AItNUHStt
propagation, an alternative crack sample shown in Fig. 3 was (IIA)MrfEI
used to replace the one shown in Fig. 2. The alternative crack RECORDER TAPE RECORDER
sample provided direct (front view) observation of the gas
penetration and iginition-front propagation processes. In this
configuration, the crack was formed between a propellant
slab and the sacrificial plexiglass window, i.e., one side of the
crack wai an inert, transparent, plexiglass window and the
other side was a propellant slab glued to a stainless steel base
plate. The gap width of such a crack configuration is varied I .DV OCL5OP
*by tte. amount by which the propellant surface is recessed
below the side-leg 'assembly (see Fig. 3). The propellant slabs
tar these tests were 183 mm long and 17.7 mm wide. Gap Fg lc iga fdt iuste ~tm
widtht of the crack, were varied between ,0.43 and 1.5 mm. ItFi.4Dokdarmodaacqaiomavt.
should be ndtedAhatt for this configuration onl~y two presssire
traces can be obtained: one at the crack entrance, and the Pressure Measurements
Other at the tip. Four ports are provided along the length of the crack for

transient pressure measurements. The first port is located in
lU~lU6Uuti~ithe main chamber, very close to the crack entrance. The other

Veto Acqusillon Syatem three are located at 48, 138, and 188 minn from the first
*A block diagram of ihe, data'acquisition system for the transducer port. Piezoelectric quartz transducers were used to

convective flame peopsguiion studies is shown in Fi3. -4. The measure the pressure. The transducers have a rise time of 1.5
data 'acquisItiokn system consistc of three majo7 parts: 1) ;is and a natural frequency of 300 kHz. and can accurately

tes~sum~ metsuring system.,!.) flame propagrtion meaisuring record pressures up to 1000 atm. The transducers were
systttt, jAd J).tritssient waverorm~recordlng system.; Details mounted in a water-cooled adapter that prevented drifting or
* 6f rkudauremenit tesltniques are 'giversIIn the following sec. damage due to excessive heat. In addition, a thin layer of
dlons., The 4atum Ws ad lsion system includes: pressure trans- "silicon rubber Insulation was placed on the transducer surface
duo. t sj %erge ampliflert, a high-speed movie. camera, a light- to further protect the transducer cilaphragm from high-
emitting diode LýED) driving tinit, a, I~ntion analyzer, a 9- temperature gases. The transducers were mounted about 2
channteltrawlent, waveform recorder (P~hysical'Data Model mmn below 'the bottom surface of the chamber.
i'U 1 1.34).a 1-thinnei PM tape recorteer, ýn os.4lloccope and Charge signals from the pressure transducers were carried
All X-y plotter. The maximum sanmpling rate of the Physicakl through an insulated, high-impedance, coaxial cable to a
Data Systent Is >, x I& samnplwi',, anl -h maximum *m- chiarge, amplifier. The output (voltage signal) of the chargeA
".plituhie res~listloni..is 0.1 'wIi th ý.~ 4096 iword nmemory per arplifiners was recorded simultaneously on the transient
channel,. The recording spee~d of -the HP typi recor-1er is 60 waveform recorder and on the magnetic tape. In order to

l~/s t a arrir frcvuicy of:,t Q'u kk . The tape can be accurately determine the pressure level, calibrationsial
piayod back 'At i'Much lower speed *(I A. In s) to expand thse equivalent to 69 atm (1000 psig) were also recorded for each
durat~iof of t~e 'ti~aaslent, signals. Data recorded on theý channel. Calibration signals for each transducer were checked
P hyical Data Systkm con be displayed on an oscil'oscopir, o~r periodically by comparing them with signals obtained from

7lited on anxiilitrf r ~ sat~copy.ý Data recorded on measuring a known pressure of a high-pesr irgno i

t..pe is digiied before di%'Vlcy or plotting, tank.

0',t' ,,,.
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Flape-Propetatio, MAekMeWtcS attainment of the prescribed framing rate. The event switch Is
A Nigh-speed, 16 mm motion picture camera was used to controlled by a footage ihdicator. Owting operation, the

ob•+•ve the complete i0.016if 00ntevt in the chamber. With a footai'e indicator is set to a preselet•d'vaii corresponding to
Quanter~frtno. optical head, dle camera was ýapable of the desired framing rate. For example, the indicator is set at

:,rilvlring at &makxlitwm of about.44,000 pictures/s. The-Hyeam 100 ft for a framing rate of 40,000 pictures/s. After a
t"cdtttera is equipped wIth a dual light-emitting diode (LED) specified length of film (preset on the footage indicator)
system; one 1130 records timing marks and the other records passes through the camera, the event switch closes, causing 12aI commoahnie signD l on thi film.a T an tomon-ime s ignal is V ac to be applied across the relay, and the relay is activated.

generaed: a; the sMart of -the event, and ii uied to correlate The relay, in turn, activates two other switches; one switch
events recorded on the transient waveform recorder or tape triggers the solenoid (by causing a current to flow through it)

[ with those on the film. The LED driver unlit, a common-time and initiates the ignition event, and the other closes the
pulse and high-frequency (Up to 10 kHz) tiiining generator, common-time switch on a light-emitting-diode (LED) driser
was used to operate the LED time system. The frequency of unit. At the instant at which the common-time switch closes,
the timing pulse in the present investigation was set at I or 10 the LED driver unit generates a 2 ms pulse that Is recorded on
kHi. the' transient waveform recorders and is simultaneously

The Vanguard motion analyzer was used to analyze the marked on the film. These common-time marks are used for
film, frame by frame. The motion analyzer screen is equipped time correlation of the data recorded on the tape and film.

withi two cross hairs to traverts in two perpendicular direc-tions in a plane. Two micrometer dials, accurate to a Te 'eN
I thousandth of an inch, are used to record the movement of the Test samples were prepared from cast propellant grains

cross hairs. The analyzer's frame counter is designed to keep obtained from propellant processing laboratories. Propellant
track of the number of frames analyzed. In order to obtain slabs (approximately 215 x 26 x 17 mm) were cut from the cast
the flame-propagation spe.d for a fixed y location (centerline propellant with a remotely controlled milling machine. A
of the crack), x readings (along the crack) were taken for each slightly oversized propellant slab was glued into a brass

Sframe until the flame reached the crack tip. Readings of the retainer. The sample was left to dry for 24 h in order to
F, micrometer dials were scaled by using the known value of the achieve a good adhesive bond between the propellant and the

initial length of the crack and the total distance traversed by brass retainer. The sample was machined again to the desired
the crosswire. The time interval between each picture was dimensions. A crack of the desired dimension was then
obtained from the time marks on the film. precisely cut through the center of the crack sample with a

jeweler's slitting saw. Propellant samples for the alternative All
Remotely Controlled ignition Circuit configuration (for detailed flame-front observation) were

The transient ignition processes in a solid propellant crack obtained in a similar manner. Oversized propellant slabs were
involve high pressures and very high pressurization rates glued onto a steel plate and machined to the desired dimen-
(- 105 atm/s). Because p'iessurization rates of such a sions. The entrance figlon of the crack Was roiunded slightly
magnitude are potentially hazardous, experiments were to ensure smooth flow development inside the crack. After
carried Out in a test cell with I 3½-ft thick concrete walls, and machining, the samples were carefully cleaned with a high.
the ignition event was remotely controlled. pressure air jet to remove any loose particles in the crack

A block diagram of the remotely controlled ignition and cavity.
high:ipeed photography system is shown in Fig. 5. The During assembly of the test chamber, a part of the
solenoid that triggers the percussion primer is activated by an propellant side surface in contact with the sacrificial
event switch built into the high-speed camera. After the plexiglass window and the combustion chamber was coated
camera is switched on, about one second is required to reach with a thin layer of flame retardant to help prevent the flame
the desired framing rate. This delay time can te related to the from penetrating between the propellant and the contact
footage of the film that passes through the camera before the surfaces. A layer of rubber-based adhesive sealant wa. ap.,

plied to all contact surfaces of the various components of the
test chamber to prevent leaks during experiments. After theI crack sample was mounted into the crack combustion

SOLENOID ACTIVATED chamber, the crack geometry was carefully measured and
rtR ti • " 5 recorded. High-intensity camera lights were used ddring the

test to facilitate motion-picture recording. In order to obscr+e
the ignition event remotely iond to detect possible leaks dw'ng
the test, a video monitor with a TV camera was used.

LED DRIVER .NIT
(N5 TRIGGER PULSE) Rosulbs end Dtussuuon

titVIT Four types of AP-based composite solid pre-ellanw wet-.
used in this investigation. Table I lists the propellants and
some of their properties. Propellants A and F have almost

L FOOTAGE; identical pressure exponents; in the Saint Rotart's burnilng rAte,~ ~ CrL 0 .1 r ,O L L .£ 0
,VE4.1'Z SdCH relationship; however, propellant A has a higherrburNilg rate

- - - - --- _since It has a luger pre-exponeatlal factor, Propellant R.
(AP/PbAA-EPOH) was ased In must of the fetts. Propellants

:,Ktn C and 0 have identical binder (HTP•) and oxidizer xmlht
fr ctions (730 ); however, the oxidizer p'rticle size In

",ES CELL propellant C is 20 ;Am, wheras the oxiditer perni. size !n
-- ----.. .....-------- propellant D is 200 jm. fhe effect of oriditr put ticle sire an,

IZN;0L AXC the ignition and lame picopagiton processes uva, be obtainid

iAVEFOM I from 1, 4i•Pomprison of ,he results, 0f thes twtc peItlas.
?AEX A% I The physicki process.r thit take place during t'he test cait be

? PEI+,? AM, de;cribed gonerny as folaws. Dischtsri of wrdut¶ gawýE .... from the ilnitui i+ytez+.iptpfturizes the wa chambi, da-wlg

Fig. 5 Meeck disiram Pf remotely conttroled' ignition find .hot ignition gae o ntrao the crack cavityT per-
platosloral system, wive fronts -move alansi"thi .Cack, and the, hot 'S-e8 Itralsr"

.411,
'r 7,7J
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Tattle I Propellaut propie
Proiiellant type A C0

Coptho.AP-haigd AP/P9AA-1PON XP/IITPD ANNTITP1
Weight percent of oxidizer f 73
Mastic gparticle size dp,~.n pf 7620 .1
Pre-exponential ra.Wor in Saint Rovert's 1.62 0.9391 -0.8461 0.5849

burning rate expreisson a. mm/t/aitntm)
Pressure exponent in Saintt Robert'% 0.4108N 0.41 015611 0.3417

burning ratio expression. xs
Flowm taiperature T1. K 30110 1920 k667 1667
Propellant density. kg/rn3  1710 two0 1492 I9

iiAl weighs ssree and part~ice sine for propellan~t Ar notvailbloe to twiteabuts..

heat to f'he crack surface, resulting in an increase In propellan' linear. In most cases, the flame reaches the crack tip during
surlace temperature. As the pressure In the chamber continues the initial uprisings portion of. pressure-Itime trace at the tip.
to increase, more hot gases are, driven into the crack, and Pressure In reglbins.2 and 3 is controlled'by combustion and
there is also an increase in the convective heat-transfer'rate, flow processes in the crack. As theburiiing of the propellant
Eventually, the ignition condition is realized, and the in the cack tdbtinues. the pressure in the cavity rises above
propellant begin~s to burn. Following the flamne-spreading that at the crack opening; later, this pressure difference causes
period, the gasification of the crack surface may generate a the gases to flow out of the crack. Pressure in the crack
pressure higher than that in the chamber. Finally, the gase continues to rise until the mass flow rate of the lases from the
flow out of the crack Into the main chamber. crack is greater than that generated by the burning of the

v -As mentioned in the section on instrumentation, pressure propellant in the cavity. Since the pressure In this region Is
measurements were made at four axial locations along the governed by combustion procsses inside the crack, and
crack. The ignition-front propagation speed was deduced because gage 02 is located at the crack opening In the main
from. films of the flame-front propagation made by a high- chamber, the highest petqk prossure occurs in the interior of
speed camera. Because of the complexity involved with ac- the crack. Depressurization is caused by the increase in crack
curate quantitative measurement of temperature for highly cavity volume, as well as by the enlargement of the crack
transient flow situations, no attempt was made to measure the opening, but the burning surface area remains constant.
temperature in the crack. (The time required for the flame to The common-time iignal, which is used to correlate
propagate from the crack entrance to the crack tip was less pressure measurement and film, is not shown in Fig. 6 because
than I ms In most cases.) High gas temperatures also make of the 10-12 ms time lag between the common-time signal and
this kind of measurement difficult. In all test firings the initial first discernible pressure rise at the crack entrance location. In
pressure in the crack chamber was I atm. and the initial order to include the common-time signal, pressure-time traces
temperature of the propellant was about 295 IK. Results of would have to be compressed substantially, which is not
pressure and flame-propagation measurements are discussed desirable. The time-correlated pressure and ignition data
next, followed 1'y res.ults of thc parametric study.

Atypical set of time-correlated pressure trmces is shown in
Fig. 6. In this figure a dual time base is used to obtain 0at
maximum Information In one plot. The Initial portions of the
P-1 t- ices have been expanded to h'lust, ate the pressurization A

p.ocsse at various locations along the crack. Gage 02 is
IcG&te at the crack enstrance, and 05 near the crack tip. The
quv!:atlvo nature, of the cuirves is, similar,. with, the following
important differences: 1) the first discernibl pressure rise for
each presisure potge .c;.-urred consecutively from the ctack oon
entt-anev to t. ~'i cruice tip,. i.e., from 02 to GS; 2) the a
pressurization rate increased consecutively downstream from too~
the cracki-antranw-, and .1) the m~aximum pressure occurred In
the interior of the crack. I he t~me delay between the first '

discernible pressure rise si downstream locations and that at I
the raack entrance is caused by the flulte time required for the Ln t
hot proituct Costs to travvil f:omn the entrance to the tin dating
Initial pritssurization. t~he inci caip in pressutizaticIn tat?. at *'

4 cl-"dastramn locutions is causen by thp coalescence of the
anvveiin.- pressu~re waves. This can be further explaIned by )
noting that ag the. i8nitev is d~schpirged, the pr.-ssure of Ow, 1 11chamber rises, caiasir.S ,Ycak prebsuce waves !o travel
.iownstreuin ot the crack. A!t the ;resure waves travel down
t~he crack, they see followed by stronger Oressure waves
iame ti.... :4~me of tl~e propellant in the upstkeem region
begins to gisify, thus creal'ng higher pressure behlntb ihe l

prassute front. 1the Lisult e the .-ote~hiued effect of thz- high ,tsrot

pressure ratgions behind the ,.rout L, a steepeninS of the *,

prGusuft fronts k3 t moves downstream.

ý-+he IWpie re trw~ si any location -can be subdiv~ded Into
t~teereaou: lt& anti rpid ptessutizAtion region, whith '

it eoist-olled m-n,.ay by ititmbt-r cenditiolis,'~ the slowly'": .

risr~ rest~u egicit; an~3) the depressurirotlon region. T.ie .. .

LA-fial -aolsitig prrtion. of the aressure-titne tolace is quite .AhSampesw-lutre.
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depicted in Fig. 9. is valid only for the range of values in.
dicated. As observed earlier by the authors,fi under very high Poeln
dP/di conditions the crack tip may ignite before the ignition -.son.//'front propagates to the tip.

""The effect of gp width on instantaneous location and a
velocity of the ignition front for propellant B is shown in Fig. .
10. The length of the crack is 195 mm. and the crack-gap ••
widths are 0.S08, 0.889, and 1.27 mm. As the crack-gap width a l I t
is increased, the ignition front penetrates the crack more
quickly and reaches the tip sooner because the larger gap 0•..
width offers less resistance to the penetration of the nlow into 4the cavity. However, maximum velocity increases as the gap o3.: toL0 toi/
width decreases. This may be explained as follows. Since the
time delay required for the ignition front to establish itself L. - 45a
near the crack entrance Is longer for cracks with smaller gap S n. • .s
widths, the preheating effect caused by convective heat _•/
transfer Is more pronounced. Once gasification begins,•.•. •.z€
pressure behind the i~nition front (due to'lasification) will .
also be higher in narrow cracks. It is believed that the com-
bined effect of preheating and higher presure causes the
ignition front to accelerate relatively rapidly in narrow cracks.

Filgure I I shows the effect of gap width on maximum t t t , .t
pressure within the crack cavity. It is clear that as the gap
width decreases, the maximum pressure In the cavity in- 4on-disensitonal Axial Distance. X/L

creame. As discussed earlier, maximum pressure in the crack Flit. 12 F.ffect of burniat rate on measurd ignition iron!
cavity is determined 4•y Ignition %nd combustion processes IF'e1*2mtl. '
Inside the crack. Since crack depths are identical for all " i
samples (25.4 mm). burning surface areas will also be
identical as long " crack lengths for all samples are the same. fact that suirfaces were machined. The rate or nlame,
As gap width Is decreased. the burning surface area remains propagation !'fr a propellant with a higher burning rate is
constant, but the opening area of the crack and volume of the faster because the high burning rate produces more gases
crack Sppdecrease, therefore, maximum pressure Is higher for behind the ig~nition front and causes the local pressure
smailer gap widths. gradient near the front to increase.

The e-ffect of the burning• rate on ignition-front propagation The effect of propellant type was investigated further by
was studied by/ comparing results of tests conducted on comparing the results of high-energy propellant A with those
propellants C and D as shown in Fig. 12. The initial crack of prolx•ant B. Even though b•th are APl-besed propellants, :
length an gap width were 193 and 0.19 mm, respectively; the the nlame temperature and burning rate of propellant A are
Initial chamber priiiturisation rate wq.s .1.2 x 10s atm/s. This much higher than those of propellant B. Figure 13 shows a
comparison shows that the iainition,tront propagation rate Is comparison of the ianition-front propagation rates of the two
faster for ..propolhtm C with Its higher burning rate (AP propellants. The crack samples were 195 mm long. with a Sap
particle site -20 14m), tU'an It Is for propellant D with its width of 0.89 mi•. The initial chamber pressurization rate wa -
lower burn~nj rate (AP particle size- 200 lm). In these tests 3.2 x 109 atm/s. The more energetic propellant A has a .
the effect of .,urface wOUlhness was somewhat suppresed shorter fleme-spreadin8 period and a higher mu.imum
duringl the Ignition-front propagation period because of the ignition-front velocity. Besides having a higher burning rate. •

*| A
*. 04 .- •, .. '' .•• . . • .,_• • • .. I
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the product gases generated from propellant A also have a 4Ptt treat
higher temperature which further facilitates the ignition-front
propagation process. Table 2 shows the effect of propellant
burning rate on maximum pressure In the cavity. As the
burning rate is increased, the maximum pressure in the crack
also increases because higher burning rate propellants Locattemon a th
generate more gases, and for cracks of identical initial length ho-I ta
and width (i.e.. same Initial volume of the crack cavity), this
reults in higher pressure.

Figure 14 shows the effect of crack length on ignition-front 0 I
velocity. Propellant 6 was used in these tests, and the gap 0 0.2 0.4 0.6 0.4 1.0
width was kept constant at 0.89 mm. The crack lengths were AxilJ Disance. a/ll
04, 130. and 195 mm. As the crack length is increased. the Fig. 1S Tim Way pleat ofhops fro ecok ah gntin f.Merom
time required for the ignition front to reach the crack tip louin
increases, and the average ignition-front propagation velocityI
also increases. The times required for reaching the tip are 252,
476, and 5 11 gas, and the maximum ignition-front velocities shows a typical time history plot of the hot gas fronm location
are 435, 530, and 075 m/s for crack lengths of 65, 130, and and the ignition front. The pressurization rate for this case
19$ mm, respectively. Maximum pressure in the crack also was 400 atm/s. and the crack gap was L.5 mm. A low
Increases as the crack length is Increased. Higher flame. pressurization rate was used In this test in order to detect the
propagation velocities for longer cracks are the result of the hot gas front clearly. It was observed that 1) the hot gase
reduced end effects which allows the flame front to accelerate, precede the ignition front along the crack and reach the tip
The iglnition'delay near the entrance portion of the crack Is much earlier than the convective ignition front; 2) the hot
greater, however. (or longer cracks. This may be the result of gases near the crack tip are luminous for a short period of
crack entrance deformation caused by prossure exerted on the time, with luminosity disappearing later (this can be at.
front end of the crack stunelt. kn gener~al, thewe observations tributed to the quenaching of the hot gases) and 3) the flame
are in tgremcn1 ii mtI lmited kiat reor led by Bobolev et front It 6nbnmtrform fitar the crbkk entrarice, but becomes

al. aquite uniform as it propagates along the crack. The
In order to observe hot gas penetration and ignition-front nonuniformity of the flame (front near the crack entrance

propagation procesme in detail, experiments acre conducted region can be attributed to the nonuniformi flow at the en.
using the alternate cr&ak configuration (we Figl. 3). Figure IS trance-of a rectangular croa-ecIoa crack cavity.



1471
KUMAR, KOVACIC. AND KUO AIAA JOURNAL 4

Smam"ni sad Conclusions 2Belyatev, A. F., flobolev. V. K,, Korotkov, A. I.. Sulimov, A. A..
The developmnent of convective burning In an Isolated crack and Chuiko, S. V.. Tmwstnsitin frorn Oeflhrowei to Detonaion IR

has been studied experimentally under a wide range or scetii bynsaiq Jerualel ProgamSo
operating conditions and propellant geometies. Four type% of Kuo. K.- K.. Chen. A. T,. and Davis, T. R., '"Ctrnvective Burnint
AP-based composite~ solid propellant were studied. A solid in Solid-Propellant Cracks," AlAA Jouwrnal, Vol. 16, June 1978. pp.
propellant Igniter system was developed to closely simulate 4047
actual rocket conditions. A high-speed motion picture camera 'Kuma~r, M. and Ksao. K. K.. "Ignition of Solid Propellant Crack
was used to measure the flame propagation rate. Several Tip Under Rapid Prossurluaftan,"AIAA Jo~ural, Vol. Ill. July I9WO.
Important oheervatios wan conclousin frm this study are 111s; 43
summarised as follows. 'Koo. K. K., Kumar. M., Kovacic. S. M.. Wills, J. E.. and ChanS.

1) T1he Initial pressure distribution in the crack is controlled T. Y.. "Combustion Processe In Solid Propellant Cracks," Annual
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Abstract

Ignition of a ,solid propellmnt is a complex physico-chemAical phenomenon
which''Involves interaction between various processes such as heat transfer,
fluid. inehanics,.phase change,. mass difftsion of chemical speci~es, chemical
kin~tics, ýetc. The theore-tical modeling of the i~gaition process is further
complicated by such factors as-the heterogene~ous ;nature of the propellant (and
the Qoroall ignition process), intricate chemical kinetics., determination of the
controlling mechanism of the i ' ition process, and selection of appropriate
ignition criterion. A reviewi of the solid propellant ignition was,'recently

* conducted by the authors. 1  It was noted that the ignition process, under rapidly
increasing pressure conditions which is typiclal of ignition transients in rocketA

-,"tors and the development of deflagration-to-detonati-On transititon .(DDT) Process
iftactured propellant grains, has not been adequately studied iftithe past.

Furthermore, most ignition models employ a number of simplifying assumptions
which may not be valid wnder actual operating conditions. Nor, has the Linf luence
of chemical kinetics on ignition processes boen treated in detail to date. All
of thes previous models, Ixtiept that of [usr' and Hermaiice, 2 have conasidered the
OOMP0sit* propellant to be one-dimensional. Most models make an-a priori assump-
tion about the site of ignition, i..e., in the solid-phase, gas-'phase, or at the
interface. It is apparent that in order to fully understand the ignition process
and to accturatel~y predict the ignition dlty time., tcomprehensive theoretical
model'is needed. The objective of this study is t~o develop a generalized ignitionI
model. Specific features of the proposed model are:

1. Two-dimensional, (axisymnetric)-geometry, allowing a more completea
description of the heterogeneous propellant ignition.

2. Inclusion of a pressurization (d.P/dt) term in the governing
equation for the gases. surround.ing the. propellant in order to
simulate actual rocket motor ignition conditions.

.3. No a priori assumption of a solid-phase, heterogeneous, olr
gas-phase reaction mechanism to specify, the ignition site.
(The current model allows chemical reactions. in all r~egons,
including the gas phase, interfaces,, and subsurface.)

4. Consideration of detailed chemical kinetics infanrmation in the
formulation of the model..

The physical model Considers an oxidizer particle embedded in a fuel binder
matrix; the sizes of the particle and the surrounding binder are determined

statistically from the oxidizer particle-size distribution and the f-jwl/oxidantI
ratio of the propellant. The shape-of the oxidizer particle is approximated by -'
a cylindrical pellet. The mathematical model consists of governing equations

* for-the solid-phase and gas-phase regions., In the solid phase, two energy
equations are considered; one for the oxidizer and the other for the fuel.
Source terms in these equations include contributions due to indepth radiation
absorption, photochemical heat release, and heat absorption due to pyrolysis.
The equations are coupled to the gas-phase conservation equations through the
heat flux balance at the solid-gas interface. Gas-phase behavior is described
by msass, enaxgy, and species conservation equations. The measured pressure-time
traces near the propellant sample surface is considered to be an input4: to the model.
For A?-base64 PrOP6llants, five different species (N",, HClO4 , gaseous fuel, gaseous
oxidizer, And products) are considered to be present .in the gas phase. Five
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chemical refttions are consideretd for this fsmily of propitlants, viz.,
exo~thotic degrdation of solid AP particle into oxidizer pass,, dissociative
subl l Ohi Of P into NX and 1C10 4,, reaction between premfixed NH3 end HClO4,
fuels 'y s-is, and diff;Jion flaw resulting from chemical reaction between
oxidA19 and- fuel gases to form products. The required initial 'and, boundary'
conditions for the governing equations us specified in detail in'the paper.

The = sed model could serve as a ftraevork for the formulation of
iition mdels for a wide range of conditions and propellants, since portions-
of this model can be easily simplified and/or replaced for specific applications.
It can also aid in the i4entification of the necessary mpirical input required
Lo a gi4 ,propellant. Numerical solution of this model is in progress; results
will be pttqented at-a later date. .
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Investigation of solid propellant ignition under rapid pressurization is
essential to understand umdaientals of ignition mechanism and deflagration-to-
detonation transitiot (DDT) processes. In sons of our previous research conducted
at The Pennsylvania State University, it was observed that the tip region of a
solid propellant crack can be ignited by compression waves generated by rapid
chamber pr3ssu&ization. It was also observed that a propellant sample placed at
the tip of an inert crack can be ignited in the sam manner. The measured ignition
delay under these conditions is in the order of 1 as or less. This short ignition
delay time implies a high rate of energy deposition onto the propellant. The
mechanism involved could be used either for interpreting the evolution of DOT in
fractured propellant grains or for developing future efficient ignitor system.

The present investigation deals with both experimental and theoretical studies
of solid propellant ignition under rapid pressure loading. Specific objectives
of this study are:

1. To observe the detailed ignition phenomenon and to measure the ignition
delay time and instimtaneous heat flux to the propellant sample surface;

2. To study th effect of pressurization rate (dP/dt), igniter 2&3 tempera-
•ure (Tf), and propellant type on ignition delay; and

3. To predict the ignition delay, using measured values of heat flux to
the propellant sample surface and to compare calculated and measur3d
values.

Test firings have been conducted to experimentally determine the ignition delay
of solid propellants. The combustion chamber consists of a solid propellantS~igniter system to generate high-temperature, high-velocity product g9363. Product

gases flow into the main cavity of the test rig with an exit nozzle at the opposite
Send. A small sample of propellant is situated at the tip of an inert crack channel,
which is perpendicular to the main-flow direction of igniter gases. As a result
of chamberpressurization, hot gases penetrate the crack and transfer heat to the
propellant sample. The ignition event is observed through a transparent plexiglass

.• window.

The data acquisition system consists of a high-speed (up to 44,000 pictures
per second) movie camera and photodiode system to detect ignition, a piezoelcctric j
pressure transducer system to measure pressure-time history, and a thin-film
thermocouple located at the crack tip adjacent to the propellant sample to deduce
heat flux to the propellant surface. Transient signals are recorded on a multi-
channel waveform recorder with a maxim= sampling rate of 2 MHz. The digitized
output of the waveform recorder is transferred to a minicomputer for data storage
and processing.

In the theoretical analysis, the composite propellant is considered to consist
of AP oxidizer particles surrounded by the fuel binder. The equivalent part-cle
si-es are determined stochastically. The energy transfer to the prope.lant is
umdeled by two coupled transient 2D (axisymetric) heat conduction equations for
a heterogeneous control volume composed oi an oxidizer particle and fuel binder.
The energy equation includes both surface and subsurface solid-phase rqactions, as

-A



well as indepth rtdiation absorption. The heat flux deduced ftrom temperature
flarl ets is used as a bowndary condition for the partial differential *qua-
tions. The numvical solution is obtained by using an Iplicit iterative scheme.

NmZMeswdinti•on delay is found to decrease as p~ressriatio at increases.
uted heat flux to the propellant surface is in the order of 10' W/' 200 cal/

cL-*), Further e*eria uUt an in progress to obtain additional data on the
influeuno of other parawa ers on the ignition process.

I
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